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Abstract

Oxides of nitrogen (NOx) are gases that can cause harm to flora, fauna and human
health. NOx emissions can result in acid rain, act as a nucleus to form particulate
matter (PM) and have been known to cause respiratory disorders in humans. Recent
regulations to curtail the emissions of NOx (and other emissions) have been
implemented globally. The current legislation, the Industrial Emissions Directive (IED)
has set ever more stringent limits for NOx from existing power stations across the
European Union (EU). To meet these targets, power stations operating with pulverised

fuels will be required to use multiple reduction technologies.

This research is focussed on using by-products of biomass combustion, pulverised fly
ash (PFA) and furnace bottom ash (FBA) in co-combustion with coal to reduce NOx in
fuel flexible power stations. The increase in K, Ca, Na and Mg in the fuel blends may
provide catalysts to promote a reduction mechanism for NOx to diatomic nitrogen
during combustion. Three bituminous coals, representative of those used for power
production were selected for co-combustion with the two ash additives. To compliment
the research, a low reactivity coal was also examined under the same conditions. A
high reactivity biomass was also examined using coal PFA as an additive, with
relatively high Fe. The experimental work investigated the nitrogen partitioning and
carbon conversion of the fuel blends through a variety of conditions; Low heating rate
(LHR) and high heating rate (HHR) analysis was carried out. The range of experimental
work revealed, through the addition of the FBA and PFA to all of the coals, volatile
nitrogen was increased and char nitrogen reduced. Carbon conversion was also
increased across all of the coals. The addition of the coal PFA to the biomass also
realised the same trends in volatile nitrogen and carbon conversion. These are

favourable conditions in a large-scale furnace fitted with Low-NOx technology.

A slice model was used to represent of a well stirred pulverised fuel furnace. By
dividing the furnace into several 3-dimentional slices the model can calculate the
overall performance of a furnace. The slice model can be used for the prediction of
NOx emissions from a furnace based on the fuel properties, and furnace operating
conditions. When the adapted model was applied to the bituminous coals with and

without the additives, accuracies within 10% of experimental work were achieved.

The use of PFA and FBA may present a cost-effective NOx reduction technique when

combined with other low NOx technologies in fuel flexible power stations.
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Chapter 1 Thesis overview

1.1 Introduction

The research is focussed on the emissions of NOx from large scale combustion, in
particular from power production. Emissions of NOx from power stations have a variety
of control technologies deployed to reduce the emissions to the atmosphere.
Advancements in regulations are reducing emissions further, creating difficulties for the
current technologies to comply with the future emissions targets. Coal, as a primary
fuel for combustion to produce electrical power is being reduced in the UK and across
the EU, however the new emission targets are to come into effect from 2020, with
power stations to be compliant by 2021. Some coal fired power stations are being
converted to biomass fuels, as such there is an increase in the ashes from solid
biomass combustion in fuel flexible furnaces. The ashes from biomass combustion
tends to be relatively high in alkali and alkaline earth metal compounds. The research
is focussed on utilising the ash from biomass as an additive to change the nitrogen
partitioning of coal during combustion. The interaction of the reactive compounds in the
ash additives can act as catalysts, providing reactive sites for the conversion of fuel

nitrogen during pyrolysis.

1.2 Experimental

Initial investigations focussed on analysis of four reference coals and the ash additives.
This included proximate and elemental analysis, together with some low heating rate
analysis (10°C min) at temperatures of 1000°C to find evidence of any catalysis and
to obtain the apparent first order rate parameters for pyrolysis of the coals with and
without ash additives. This was then extended to high heating rate studies (10*-10°K s-
1) and at 1100°C utilising two different drop tube furnaces (DTF). DTF1 at the
University of Leeds (UK) was used under devolatilisation conditions for the creation of

chars for comparative analysis. DTF2 at Northeastern University, Boston (USA), was
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used under un-staged combustion conditions for emissions during devolatilisation and
char combustion. A smaller parallel study examined whether coal ash could act to

influence N-partitioning during biomass combustion.

Further analysis was carried out using scanning electron microscopy (SEM) to
ascertain the physical morphology of the coals and coal chars with ash additives. X-ray
photoelectron spectroscopy (XPS) was carried out to determine the nitrogen functional

groups within the coals and coals with additives.

1.3 Modelling

The final stage of the research is focussed on modelling. An established model that
utilises Chemical Percolation and Devolatilisation (CPD), was applied in a DTF model
to compare the measured and predicted nitrogen partitioning from a DTF. This model
was calibrated for the presence of additives based on experimental DTF results-this
provided a more flexible model for subsequent modelling of a coal furnace. A second
model carbon burnout kinetics (CBK) is applied to calculate carbon conversion from a
fuel during devolatilisation and char carbon conversion. Using these models and details
appertaining to a specific furnace, a large-scale furnace slice model was adapted to
predict the emissions from a large-scale furnace for a given fuel/additive combination.

The model can be used to predict the NOx emissions from a furnace.

1.4 Aim of the research

The aim of the research is to investigate the impact of biomass ash on NOx emissions
during coal combustion in large scale power production, with a particular focus on the
N-partitioning during the devolatilisation stage. Biomass ashes tend to have high levels
of reactive components, (alkali and alkaline earth metals) which may act as catalysts to

change the nitrogen partitioning during combustion of coal.



1.5 Objectives

1. To understand the impact of the emissions directives set for current and future
emissions control. In specific the directives that are applicable to the power
generation industry. This will include all large-scale furnaces above 50MW4,. Of
particular importance, for this research are the implications for NOx production
and emissions.

2. Establish the current knowledge about nitrogen emissions and evolution from
coal and biomass.

3. To perform laboratory based experiments that closely replicate industrial scale
furnaces and the emissions from coal combustion. This will take the form of
tests at high heating rate and high temperatures of 1100°C and performing
devolatilisation and combustion experiments.

4. To carryout analysis of a range of fuels relevant to power stations, consisting of
3 bituminous coals (Shotton, UK, La Loma, Columbia and Galatia, USA) and a
low reactive coal Ffos-y-fran, UK. The analysis of 2 white wood (WW) ashes, a
pulverised fly ash (PFA) and a furnace bottom ash (FBA) (both from the same
source).

5. Determine the nitrogen partitioning and carbon conversion from the fuels, and
any changes observed when the fuels are combined with the additives.

6. Examine the kinetics for devolatilisation of the fuels and the fuels with the
additives.

7. Establish a working model for the nitrogen emissions from an industrial furnace
and the nitrogen partitioning data from devolatilisation in a drop tube furnace.

8. Carry out comparative work on a high reactivity fuel, olive cake, with a coals
PFA additive. All work in objectives 5-8 to be carried out on the olive cake and

olive cake with coal PFA.



1.6 Tasks to achieve the objectives
Task 1

To review the historical emissions directives within the EU and UK, and the wider

political arena.

Establish the future emissions regulations that act as a driver for industry to reduce the

emissions from the exhaust stack.

Critically review NOx control strategies available to meet emissions directives.

Task 2

A review of historical and current literature related to nitrogen evolution from solid fuels.

A review of current literature on nitrogen emissions and devolatilisation and the

potential effects of additives on the release of NOx in the atmosphere.
Task 3

Through the use of laboratory equipment, experimental work simulating combustion
and reactions within a furnace, will be used to show the devolatilisation and combustion
characteristics of a range of fuels will be established. The experimentation will include:

combustion, devolatilisation, nitrogen partitioning analysis and emissions analysis.
Task 4

Coals have been selected that are representative of those used in large scale furnaces.
The white wood ash additives selected are from a fuel flexible furnace. The ashes may

have alternate uses as building aggregate or as potential concrete additives.

They will be analysed using a range of experimental apparatus including 1ISO Standard
Testing Methods, thermal gravimetrical analysers, drop tube furnaces, mass

spectroscopy, x-ray photoelectron spectroscopy, flash elemental analysers.



Task 5

Using data from CHNS elemental analysers from the fuels and the fuels with additives,
and an ash tracer method to calculate the partitioning of nitrogen released during
devolatilisation and retention in the char. Carbon conversion can be calculated through

the same methodology.
Task 6

Through the use of thermogravimetric analysis and assuming apparent first order
global kinetics, together with the Arrhenius equation, the kinetic parameters of the fuels

and fuels with additives can be calculated.
Task 7

Using a previously established model, refining CPD and CBK 8 in the presence of

additives, and combining this with data from experimental work and from the kinetic
evaluation, a working model can be built to predict the emissions from the fuels and
any changes brought about by using the additives with the fuels. The furnace model

(without additive) will be calibrated against power station data.

1.7 Thesis outline

Chapter 1 lays down an overview of the research carried out, including the main aim
and the objectives of the work. Finally within this chapter is a breakdown of the thesis

by chapter.

Chapter 2 introduces some background information explaining why coal is an important
fuel source. It then discusses atmospheric pollution and presents information on
anthropogenic emissions into the atmosphere. The emissions from the power sector
are discussed, with an introduction to oxides of nitrogen and the environmental impact
they have. There is an introduction to alternate sources of energy for power production,

i.e. renewable energy alternatives to coal. Due to the anthropogenic emissions, there

5



have been a series of regulations implemented to restrict emissions, in particular to
emissions from large scale furnaces. There is an insight into the future of coal globally
and within Europe. Finally there is an introduction into NOx reduction strategies

adopted in large scale furnaces.

Chapter 3 investigates the origins of coal and reviews some of the physiological and
chemical properties. A more in-depth analysis of the nitrogen content of coal is
explored, with an introduction to the nitrogen containing functional groups there within.
The formation of NOx from coal combustion is reviewed, exploring the main routes of
formation, Fuel-NOx, Thermal-NOx and Prompt-NOx, with an introduction to short lived
intermediary species N2.O and NNH. Photochemical smog is explored, and the
processes involved in its formation from NOx emissions. An exploration into the
industrial technologies deployed to reduce the emissions of NOx from large scale

furnaces is presented.

Chapter 4 explains the experimental procedures and processes employed for the

analysis of the fuels and the emissions characteristics from the coals and the additives.

Chapter 5 presents and discusses the results from the fuel analysis. The fuel analysis
includes the proximate and elemental analysis of the fuels and the additives. Particle
size distribution is data is presented and is used later in Chapter 8, modelling. SEM
microscopy of the coals and additives are presented here. Further analysis examined

the functional groups present in the coals with and without additives by XPS.

Chapter 6 is the presentation of the data from devolatilisation. Devolatilisation and
pyrolysis was carried out with low heating rates (LHR) analysis and high heating rate
(HHR) techniques. LHR analysis consisted of TGA at heating rates of 10°C/min, to
examine the reactivity and kinetics of the coals with and without additives. The HHR
analysis was carried out in two drop tube furnaces (DTF): University of Leeds, UK
(DTF1) and Northeastern University, Boston, US (DTF2). Chars were produced in

DTF1 for the coals with and without additives, for further nitrogen partitioning and char
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analysis, including carbon burnout and HHR total volatile yield. Comparative analysis
for nitrogen partitioning was carried out using a low nitrogen elemental analyser. Data
from this chapter explains the changes in nitrogen emissions from the coals as a result

of catalysis from the additives.

Chapter 7 explores the interaction between the coals and the additives during
combustion. DTF2 was used for emissions analysis during pyrolysis, char combustion
and coal combustion, all analysis was for the coals with and without additives.
Emissions analysis consisted of CO,, CO, NO and NO, total NOx and SO,. The output
data was used to convert to industrial emissions values. Using both image analysis
from scanning electron microscope (SEM) and XPS. The SEM is use to explore the
effects of devolatilisation on the coal particles with and without additives. This
technique was used to investigate the morphology changes of the particles. XPS was
used to interpret the changes in nitrogen functional groups within the fuels and the
changes to the functional groups as a result of the devolatilisation of the coals when

blended with the additives.

Chapter 8. In this chapter, the data from Chapters 5, 6 and 7 is used as input
information for modelling. The modelling is divided into three model outputs: a DTF
model, a carbon burnout and kinetics model (CBK 8) and a furnace model. The DTF
model was used to predict the nitrogen partitioning during devolatilisation within a DTF.
The CBK 8 model was used to predict the amount of carbon conversion that takes
place within a DTF for both coal burnout and char carbon burnout. The CPD model is
refined for the presence of additives and this enables predictions from the furnace

model of NOx reduction due to the presence of additives.

Chapter 9 investigates the data from the experimental work using a biomass, olive
cake, and coal PFA as an additive. This was a feasibility study to compare the potential

NOx reduction capabilities of blending coal PFA with biomass. The chapter draws



together information in previous chapters (6 and 7) and introduces some

supplementary information to consolidate understanding.

Chapter 10. The final chapter explores the results and summarises the data and draws
conclusions. The conclusions are reviewed in a discussion, drawing on information

from literature reviews and comparative data.



Introduction

21 Introduction

The first industrial revolution started in Britain in the late 1700’s, and quickly spread to
Europe and the US through the 1800-1900’s. The industrial revolution facilitated the
conversion of small-scale cottage industries into large scale production. The advent of
the steam engine by Thomas Newcomen in 1712, saw the use of coal on an industrial
scale to produce steam. The steam engine was improved by James Watt in the 1770’s.
The Watt steam engine went on to be used in industry, coal mines, ships and
locomotives. Using coke as a fuel instead of charcoal, Abraham Darby designed a
more efficient and cheaper method of cast iron production in the late 1700’s
(Tylecote, R. F.,1992, Rolt and Allen, 1997). In 1878, Lord Armstrong used water
from a lake to power a small-scale hydroelectric power station in Cragside,
England. (Pevsner, N., Richmond, I., 2002). By 1882, Thomas Edison project,
organised by Edward Johnson saw the World’s first public coal fired power
station built in London. The second industrial revolution (1870-1914), saw the
increase in use of fossil fuels for powering industry, transport and increasingly
the spread of electricity use in industry and for domestic use (Landes, D.S.,
1969). During these periods, the pursuit of technological advancement took

precedence, with little knowledge or concern for environmental issues.

2.2.1 Atmospheric pollution

In the atmosphere there are several sources of pollution. Some pollution sources
derive from natural processes, including volcanoes, physical and chemical erosion, soil
erosion, microbial action, natural fires and lightning. These processes can lead to
natural levels of potentially harmful compounds, i.e. SO, CO, CO,, NOx (NO and NO)

N2O O3z NHs, volatile organic compounds (VOC) and particulate matter (PM).



Some of these compounds produce secondary pollution products. One example of this
is ozone (Og), which is a major contributor to photochemical smog, particularly around
large urban areas. CO,, N,O, Oz and CH, are known powerful greenhouse gases
(GHG). SO;, CO, CO2and NOx can form acid compounds and fall as dry acid particles
or as acid rain. Normal rainfall has a pH of 5.2-5.6 due to dissolved CO,. Additional
acid gases, particularly NOx and SOx result in rain with lower pH, 4.3, which can

devastate trees and other plant life, and can result in acidification in water bodies,

2.2.2 Anthropogenic pollutions

Anthropogenic processes can produce large quantities of emissions and can increase
the natural levels of harmful compounds to untenable levels. Industrial processes such
as combustion plants, fuels and fuel processing, agriculture, mining, transport and
product manufacture can be significant contributors to elevated levels of SO, CO, CO.,
CHa, NOx, N20O, O3, NH3 and PM. As with natural processes, see section 2.2.1, CO,,
N2O, CH4, and Os, are powerful GHG and can be major contributors to man-made
global warming. Because of its long atmospheric lifetime (~121 years), N2O on the
Global Warming Potential (GWP100), is approximately 298 times more powerful than

CO; as a GHG. (Myhre, 2013)

Secondary pollution effects can also be found in anthropogenic emissions. SOz, NOg,
CO and CO; from man-made processes can form acid rain, see Section 3.5.2.
Anthropogenic induced acid rain can be more strongly acidic, with values as low as pH
4.3. Acid rain can cause severe damage to flora and fauna. Figure 2.1 is a forest in

Czechoslovakian Republic that has been damaged by acid rain.
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Figure 2.1 Effects of acid rain on forestry in Jizera Mountains, Czech Republic (Lovecz,
2006)

2.23.1 NOx emissions

Whilst GHG emissions and climate change are the highest priority for emissions
control, the emissions of NOx, are of significant importance and as such, also subject
to stringent regulations, see Section 2.6. From 1990-2016, NOx emissions in the EU
fell by more than 50%, from 18.1 to 7.6 million tonnes (Eurostat, 2018), see Section
2.8. There are natural sources of NOx, atmospheric and biogenic. Atmospheric sources
are derived from lightning, where the increased levels of heat ionise the N> and Oz in
the air to form NO, see Section 2.2.1. Biogenic source predominantly comes from
plants, where they fix nitrogen from the soil and emit oxides of nitrogen. Soil based
nitrogen compounds are readily converted to N2O. (Skiba, 2006). The two largest
sources of anthropogenic NOx in Europe are from vehicle exhausts and from
combustion power production with distribution, at 50% and 25% respectively. Figure
2.2 shows the NOx emissions from source in the EU. The fitting of catalytic converters
to road vehicles has been the main reduction strategy for the reduction of NOx from
vehicle exhausts. Within the power industry, NOx reductions have been realised
through the implementation of Low-NOx burners, other firing strategies and flue gases

abatement technologies (SCR/SNCR). The conversion of some facilities from solid
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fuels to gas has also yielded reductions in NOx emissions from power production.

(Eurostat, 2018).
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Figure 2.2 NOx emissions by source sector across the EU-28 from 1990 to 2016
(Eurostat, 2018)

2.2.3.2 What’s wrong with NOx emissions/Global /EU emissions?

NOx is the combination of two oxides of nitrogen NO and NO.. NOx can be harmful to
fauna and flora in gas form and to human health in gaseous form. NO; at levels of 40
ug m3 annual mean and a 1 hour maximum exposure limit of 200 pg m3, have been
recommended by the World Health Organisation (WHO) (WHO, 2006). The exposure
limits are expressed in the form of NO,. NO does not have specified limits as it tends to
oxidise in the atmosphere to NO, within minutes of emission from source (WHO, 2006).
NOx emissions can also result in secondary pollution effects. NO and NO; can act as a
nucleus for the formation of aerosols, i.e. particulate matter (PM), PM..s and PMo,
which are harmful to human and animal health. NOx and PM2s are known to cause
disorders in the lungs. NO, is a known source of tropospheric ozone (O3), when it

reacts with O in the atmosphere in the presence of sunlight. Whilst ozone in the
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stratosphere helps to protect life from harmful UV radiation, in the troposphere it is
harmful to life. Oz is poisonous as a gas and can be a precursor for the formation of
photochemical smog, see Section 3.5.1, NOx gases can also contribute to nitrogen
enrichment in water, through nitrate deposition and result in eutrophication. It is
estimated that between 12-44% of water nitrification comes from atmospheric nitrogen
(NSCEP, 1997). Eutrophication of the water course can lead to increases in algae
blooms. Increased algae blooms can seriously diminish the oxygen content in the water
leading to the death of other plants and animals. The increase in decomposing matter
creates a hypoxic water layer near the bottom of the water column, making the region

uninhabitable.

2.3 Power production

Across the globe electrical power production reached approximately 26 700 TWh in
2018, (IEA, 2019). The main producers of electrical power are predominantly the

countries with larger populations. Developed countries tend to have higher levels of
electrical power production per capita. China and the US are the largest producer of

electricity, accounting for nearly 70% of Global electricity produced (Enerdata, 2019).

Coal still has the major share in power production accounting for approximately 26% of
global power production (power production includes all primary energy demands,
including industrial processes and domestic heating, etc). Within the electrical power
generation, coal still accounts for 38% globally (IEA, 2019). Despite showing a
reduction in the global share from 41% down to 38% from 2017-2018. Coal power
production still accounted for 26% of the increases in electrical power production in
2018. The main area for the increase was in countries such as China, India, Pakistan
and Indonesia (IEA, 2019). These increases in Asia far outweighed the reductions in

Europe, the US and Japan.
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2.4  Alternate energy sources to coal

In Europe, the use of coal for electrical power generation has started to decrease, and
has dropped to 669 TWh in 2017, Figure 2.3, whilst renewables have seen an increase
up to 679TWh. Biomass for electricity production has increased its share in the EU

reaching 196 TWh, (Sandbag, 2018) Figure 2.4.

Hard coal has seen its share of electricity generation drop to 357 TWh, whilst lignite
has maintained its levels at 312 TWh (Sandbag, 2018). Whilst EU countries are
running their hard coal fired power plants down, lignite plants in Poland, Germany,
Greece and the Czech Republic are maintaining their reliance on lignite, as illustrated

in Figures 2.3 and Figure 2.4.
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Figure 2.3 Comparison of fuel sources in the EU. (Sandbag, 2018)

There is continued emergence of alternate and renewable primary power sources for
the production of energy. Several sources have developed, including solar, wind,
nuclear, tidal and the use of biomass in converted coal combustion plants. The
increased use of biomass in converted coal fired power plants has led to the
development of fuel flexible power stations. Figure 2.3 shows that while the increase is

still slow, the alternate sources of electricity and heat generation are starting to grow.
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Figure 2.4 The gradual decline of hard coal for power production in the EU (Sandbag,
2018)
When grown sustainably, the use of biomass in combustion power plants can have a
large carbon reduction effect on GHG emissions (Sami et al., 2000). The emissions of
other gases, SO, and NOx however are more dependent on the type of biomass, the
growing environment and control technologies. Some biomass types are higher in fuel
nitrogen, and so can be higher emitters of NOx than coal during combustion, see

Section 3.4.2.

2.5 Emissions from combustion plants

Large scale combustion plants are considered to be high pollution areas. Combustion
plants are generally designed to run on specific fuel sources, i.e. oil, gas, biomass and
coal. From coal combustion gaseous emissions of concern, include CO, CO,, SOx and
NOx. In large and uncontrolled quantities these can be harmful to human, fauna and
flora. In response to regulations, Section 2.6, there are many control measures that are
employed within coal fired power plants. Of particular interest are the measures
incorporated to control NOx, Figure 2.5, shows an overview of emissions from

combustion and the control measures.
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There are a range of technical solutions utilised, within the power production industry to
combat the emissions of NOx, see Section 2.8. Figure 2.5 shows an overview of the
combustion processes that can lead to certain types of emissions from anthropogenic
activity. This figure only covers some of the larger production emissions of concern,
and does not include items such as VOC, polycyclic aromatic hydrocarbons (PAH),

furans or dioxins.

Figure 2.5 only show the pollutants from direct emissions, these do not take into
account the secondary pollutants. The secondary pollutants include Os, particulate
matter PM1o and PM2s and photochemical smog. The secondary pollutants can form as
a by-product of the direct emissions after leaving the stack. Emissions controls are

covered in more detail in Section 2.8 and in Section 3.6.

2.6 UK and European regulations

The Clean Air Act was originally established in 1956, in response to the levels of
smoke and smog in larger cities in the UK. The aim of the act was to decrease the
quantities of dark smoke from industrial chimneys. Over the following years, the Clean
Air Act has been improved up to the amendment in 1993 and culminating in the Clean
Air Bill 2017-19.

In May 2018, Department for Environment, Food & Rural Affairs (Defra) launched the
UK Clean Air Strategy (CAS). The CAS was established to set out strategies to combat

the emissions of a range of air pollutants, PM2s, NH3, NOx, SO, and Os.

Across the EU, there have been more directives implemented.
¢ National Emissions Ceiling Directive (2016/2284/EU) (NECD). The NECD came
into effect in December 2016. The 2016 update superseded previous versions
and sets targets for future emissions with respect to emissions levels in 2005 as

a baseline. The NOx emissions has been set from 2020 to be 59% (711kt) of
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the 2005 figures, and from 2030, 41% (494kt) of 2005 values. (EU, 2016; EEA,

2010)

e Large Construction Plant Directive (LCPD, 2001/80/EC). With ever more
stringent regulations on the permissible levels of emissions from power
production, improved technologies were needed to reduce the emissions to
comply with the LCPD regulations. The LCPD set standards across the
European Union, limiting flue gas emissions from combustion plants with a
thermal capacity of 50 MWy, or greater. It was principally aimed at fossil fuel
combustion plants, i.e. power stations, steel works, petroleum works and
refineries. The directive aimed to curb the emissions of nitrogen oxides, oxides

of sulphur and dust (EU, 2001).

¢ Industrial Emissions Directive (2010/75/EU) (IED). The LCPD has subsequently
been superseded by the IED at the start of 2016. This has set NOx limits of as
low as 200 mg/Nm? for power plants >300 MW, from 2020. Under the IED, a
new set of targets are to be implemented of 150 mg/Nm? for NOx, using the
Best Available Technology Reference Document for Large Combustion Plants
(BAT). The cost of implementation of the BAT for emissions reduction has been
instrumental in some power station operators electing to cease operations.(EU,

2010) (EU, 2017).

NOx emission across the UK have shown significant reductions from 1970 through to
2017. Figure 2.6 shows how the NOx emissions have reduced in the attempt to comply
with NECD targets. The NECD and Gothenburg targets for 2020 and onwards are yet

to be realised.

18



4000 4

3500 1

3000 1

2500 1

2000 1

1500 A

1000 1

500 1

Emissions of nitrogen oxides (thousand tonnes)

Nitrogen oxides

=== Emissions of nitrogen oxides

= NECD commitment 2010-2019

=== (Gothenburg commitment 2010-2019

=== NECD/Gothenburg commitment 2020-2029

0 T
1970 1975

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

Figure 2.6 Annual NOx emissions for the UK from 1970-2017, and the targets to be
achieved set by the NECD. (Defra, 2019)

Figure 2.7 shows the national NOx emissions from the major contributors from 1990-

2017. Road transport is the largest contributor, with the energy industries as the

second largest NOx emissions. These figures can be compared to the EU figures

shown in Figure 2.2, Section 2.2.3.1. The UK figures, as percentage of the total NOx

emissions by sector shows the same trend as the EU figures with road transport being

the greatest contributor, followed by the energy industries.
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Figure 2.7 Emissions of NOx by contributors in the UK from 1990 through to 2017
(thousand tonnes) (Defra, 2019)
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Table 2.1 shows a comparison between the EU, the United States and China for NOx

emissions standards. The standards shown for the US and China are already in place.

Table 2.1 Emissions standards for power plants operating at > 300 MW+ (Wynn, 2017)
Emissions standards mg Nm

Europe (BAT) | United States China
NOx New plant 85 117 100
Existing plant 150-175 117-160 100-200

Note: to achieve the emissions targets set, the use of post combustion technologies will
be essential for new and existing power stations.

2.7.1 Future of coal (Globally)

Across the globe there is a range of coals used for power production, including lignite,
bituminous, sub-bituminous and anthracites. The choice of coals used for power
production is primarily a commercial decision and dependent on the fuels available

either locally or cost effectively.

China has coal fired power production of approximately 965 GW, with power stations
currently under construction providing 128 GW, and future plans to build a further 70
GW’s. (Evans, 2019) With the expansion of the Chinese power plant building, there are
proposals to build over 200 coal fired power plants in countries ranging from Egypt to

Indonesia (Evans, 2019).

Within the EU, electricity is produced from the combustion of hard coals (bituminous,

sub-bituminous and steam coals) and from lignite.

Within the US there have been reductions in the use of coal for power production, with
some US states declaring they are to go coal free. (eia, 2019) Oregon has voted to
stop producing electrical power from coal by 2035. California was only operating one

coal fired power station as of 2017, and it only provides 0.2% of the energy demands of
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the state. New Mexico, the US state most dependant on coal for power production has

declared it intends to be carbon free by 2045 (Irwin, 2016; eia, 2018).

2.7.2 Future of coal in the EU/UK

Across the EU, there is a trend to remove coal fired power stations in several countries,
including the UK. Many of these closures are necessary to bring electricity production
into compliance with the LCPD and IED. Figure 2.8 shows the countries that are
scheduled to phase out coal, those under deliberation and the countries with no plans
to phase out coal, as of June 2020. Whilst the power plants operating on hard coals are
systematically being closed, many of the lignite coal fired plants are not scheduled for

closure (Sandbag, 2018).

)

B Phase-out/coal-free
[ Phase-out under discussion

M No phase-out under discussion

*not explicit government policy, year refers to announced retirement of last plant

Figure 2.8 Proposed cessation of coal fired power stations across the EU. Adapted
from (Sandbag, 2018)

Note: The closures stated are not governmental proposals but declarations of
retirements of the last coal plant operation date.

Across the UK, eight legacy coal fired power station have elected to close in response
to the emissions targets set under the IED, as the cost of implementation of control
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technologies would not be financially viable. Table 2.2 shows the coal fired power

plants currently in operation and their future with respect to the future emissions

directives (PowerstationsUK, 2019).

Table 2.2 Coal power stations currently in operation or under conversion to biomass in the UK,

adapted from (PowerstationsUK, 2019)

NAME LOCATION STATUS CAPACITY AGE
Running
Aberthaw B vale of reduced hours 1,586 MW 48 Years
Glamorgan to comply with

emissions limits.

Found to be emitting illegal levels of air pollution in September 2016 and has been running
reduced hours in order to comply with emissions limits.

Cottam Nottinghamshire
Drax

North Yorkshire
(Units 5-6)

Decommissioned

September 2019. 2,008 MW 50 Years

Plans to convert (Colé|2)90 MW

;u;;her units to (3.885 MW 33 Years
' total)

Drax has been working on their move away from coal for some time now. 4 of the 6 units
have been converted to fire Biomass, the first in 2013 and the most recent in 2018. Plans are in
the pipeline to convert the remaining two units to gas as part of a larger expansion project.

Fiddlers Ferry Cheshire

Closed 31

March 2020. 48 Years

1,961 MW

One unit closed on March 2019, leaving a total capacity of 1,510 MW. In March 2020 SSE

announced the power station has closed.

Lynemouth Northumberland

Kilroot County Antrim

Converted to

. 420MW 47 Years
biomass
May 2018.
Contract
extended by 12 520 MW 38 Years
months.

Kilroot and the nearby oil-fired Ballylumford power stations were sold to the Czech firm EPH
in April 2019. They have both faced closure over the last few years.

Ratcliffe Nottinghamshire

No plans to

Ratcliffe is fully compliant with current emissions regulations.

West Burton Nottinghamshire

Uskmouth Gwent

2,000 MW 51 Years
close.
No plans to 2,012 MW 51 Years
close.
Conversion to
Biomass and 220MW 60 Years

waste ongoing
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2.8  Strategies for NOx reduction

To comply with past and future NOx emissions regulations limits, operators of
combustion plants need to deploy emissions control technologies. Within a combustion

chamber, there are four principle methods where NOx is produced.

e Prompt NOx
e Thermal NOx
¢ N0 mechanism

e Fuel NOx

Prompt NOx is the result of molecular nitrogen from the air being reduced by fuel
radicals to N and NH radicals and HCN in a fuel rich environment and then

subsequently oxidised to NO.

Thermal NOx is produced at temperatures in excess of 1373 K and is the result of

molar nitrogen and oxygen in the air reacting at higher temperatures.

The N.O mechanism is an intermediary process, originally proposed by Malte, (Malte
and Pratt, 1975) that tend to dominate at lower combustion temperature of <1800K. It is
an accepted process mechanism for the formation of NOx during combustion. Later

works have suggested a temperature range of 300-1900 K (Klippenstein et al., 2011).

Fuel NOx can account for in excess of 75% of all NOx produced during combustion.
(Mitchell, 1998). It is the result of oxidisation of the fuel nitrogen, released initially as
mainly HCN, ammonia or tar-N, see Section 3.4.2. There is a further method of NOx
formation, the NNH mechanism. The NNH mechanism has an intermediary function so
is not a principle target for NOx production. See section 3.4.3. To combat the NOx
emissions from combustion power plants, a range of technologies have been deployed.

These can be separated into primary reduction and secondary reduction technologies.
Primary reduction technologies include:

e Low NOy/ultra-low NOx burners
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¢ Fuel staging

e Air staging

These technologies are designed to target some of the design characteristics shown in
Table 2.3.

Table 2.3 shows the primary reduction processes and technologies incorporated within
pulverised coal furnaces. The primary technologies are designed to focus on the fuel
characteristics, the combustion processes and the designs of combustion chambers to

reduce emissions.

Table 2.3 Primary reduction processes used in industry to control the emissions from pulverised
coal combustion, in particular NOx. (Van der Kooj, 1997)

Design characteristics within a pulverised coal combustion
furnace to control NOx

Boiler
Design Boiler Type- i.e. wall fired, tangential

Capacity
Burner type, low NO or conventional

Number and type of burners
Residence time

Burning zones

Advanced overfire ports
Flue/Exhaust Gas Recirculation

Operation Burner operation-swirl, air ratio
(primary to secondary)

Air levels (stoichiometry)
Burner angles

Milling operations

Load

Coal Properties | Chemical Breakdown- C:H and O:H
ratios, N content, ash content
Calorific value (CV)

Volatility

Volatile release

Moisture

Secondary technologies include selective catalytic reduction (SCR) and selective non-
catalytic reduction (SNCR) and flue gas recirculation (FGR). Secondary NOx reduction
technologies focus on the effluent gases after they have left the furnace, see Section

3.6.8.
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2.9 Chapter summary

NOx within the atmosphere is harmful to fauna and flora. NOx has been linked to lung
disorders and can lead to acid rain and eutrophication of waterways. NOx can form
through natural processes such as ionization of the air during lighting and
thunderstorms. Anthropogenic sources, such as furnaces and transport contribute
more significantly to atmospheric NOx than natural processes (Eurostat, 2018;
Schumann, 2007). Large scale power plants are a major source of a range of
emissions, including NOx. Through combustion, NOx has three main formation routes,
prompt and thermal NOx, which both form from the nitrogen and oxygen in the air, and
fuel NOx, where the nitrogen comes from the fuel. To reduce the emissions of NOx
(and other pollutants), regulations have been implemented to curtail their release into
the atmosphere. The most recent regulations in the EU has resulted in the IED, with
the intent of large-scale combustion reducing the NOx emissions to = 150 mg Nm by

2021.

In response to ever more stringent regulations, several types of technology have been
developed to control NOx emissions, including Low NOx burners, furnace operating

conditions and secondary control measures such as SCR and SNCR.
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Chapter 3-Literature review

3.1 Coal formation

Coal is a metamorphosed sedimentary rock found around the globe. Figure 3.1 shows
the distribution of known coal fields around the planet. The oldest economically
extractable coals are no more than ~330M years old, and as such formed during the

carboniferous era, Figure 3.2.
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Figure 3.1 Known coal distribution around the globe. (Thomas, 2002)

Prior to this time, there was insufficient carbonaceous plant matter to form substantial
coal beds. As plant material dies, it falls the ground. If this is in an anoxic environment,
i.e. a swamp, peat bogs or in brackish waters at coastal lagoons, then the material is
unlikely to go through decomposition. As further biogenic material is layered on top, the
lower levels of material is preserved. If there is no erosion of the laid down biogenic
material, it is likely to become buried by sediment. As the layer of plant material
becomes buried deeper it is subject to compression and heat. Within this environment,
the original plant material compresses by about 90% (Veriskovsky, 1956; Thomas,
2002). As coal is formed from biogenic and mineral matter, it is heterogeneous in

nature. Coal is the product of compression, heat and time, therefore there are no coals
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younger than 2-3M years old. Carbonaceous sedimentation that fall within 2-3M years

old are more likely of peat class than a low-grade coal, see section 3.2.

Million Geological period and Location of coal resources
Years Coal occumence
B.P.
0 Quaternary Coals (predominantly lignites) in Europe,
2 | Ficcens o western USA, CIS°, China, Australia, India
g Miccens & and S America
= Oiligocene =
@ | Eomens & . L i
o|r = UK: Onshore lignite in Morthem Ireland;
50 = eeonene Offshore resources in Morth Sea, English
Channel and Celtic Sea.
Coals chiefly in western USA (Cretaceous),
100 Cretaceous western Canada (Cretaceous), CIS°, China
and S Amernca
o
g UK: Coals and lignites in Lower
150 g Cretaceous sediments in English Channel,
= J . Celtic Sea and St George's Channel
urassic Coals of Jurassic age, chiefly offshore in
the North Sea, but also in the small
200 onghore field at Brora, Mormay Firth
Triassic
250 Coals in Europe, eastern USA, eastern
Canada, CIS°, China, Australia, India,
Permian South Africa and South America
UK: Coals in Carboniferous sediments at
300 several levels, both onshore and offshore
in Morth Sea and Irish Sea. Onshore
Carboniferous deposits of Westphalian (Upper
Carboniferous) age have been the most
350 L) important in historical and present UK
g production.
2 .
™ Devonian
o
400
Word occurrences (non-UK) refer to
Silurian waorkable deposits only
Occurrence is shown purely as time
450 envelopes — no thickne ss or amounts may
Ordovician be inferred.
500
Cambrian

Figure 3.2 Profile of coal formations with respect to geological eras from the
perspective of UK coals. (Kendall, 2010)

Coals seams can be as thin as a few millimetres up to 30m in thickness. As coal forms

from biogenic material, generally in rain forests and swamps, there can be an in-wash
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of biogenic material and mineral matter from other sources. The mixing of plant
materials and sediments can lead to wide variations in the elemental composition of the
sedimentation. In turn this variation will lead to compositional variations not only in a

coal fields, but also from one coal seam to another.

There is a large area of coal bearing rocks under the Amazon basin. The coal bearing
reserves are deeply buried beneath younger sedimentary rocks. The size of the
reserve is not clearly known, however due to the complex geological nature of the

environment, it is unlikely to be commercially exploited.

3.2 Coal rank and grade

As coal forms under differing conditions and different environments, there are several
ranks and grade of coals. Whilst there are several systems for classifying coals, there
is a consensus that they start from the lowest grade of lignite through to anthracite.
Peat is the lowest grade having the lowest percentage value of carbon, but many of the
classifications do not consider peat as a coal. Graphite has the highest carbon content,
but is also not given a coal classification. Table 3.1 shows an adaptation of the ASTM

388-12 classification.

Table 3.1 Classification of coals based on the ASTM 388-12 ranking (ASTM; ASTM, 2012)

Coal classification by rank based on ASTM 0388-12
Gross calorific

Coal Rank Volatile content Fixed carbon value
% dmmf % dmmf MJ/kg
Meta-anthracite <2 =99
Anthracite Anthracite 2t09 92 to 99
Semi-anthracite 91t014 86 to 92
Low Volatile 14 to 22 79 to 86
Medium volatile 22to 31 69 to 79
Bituminous High volatile A >31 <69 >32.54
High volatile B >31 <69 30.23t0 32.54
High volatile C >31 <69 26.74 to 30.23
A 24.42 t0 26.74
_ Sub- B 22.09 to 24.42
bituminous ' '
C 19.30 to 22.09
" A 14.65 to 19.30
Lignite
B <14.65

Note: dmmf = dry mineral matter free
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Hilts Law is considered the fundamental rule of coal formation, whereby the grade of
coals is consistent with the time/compaction of the original plant material (Skinner,
1976). The longer the time and greater the compaction, the higher the grade of coal is
likely to be produced. With increased depth temperature rises, with temperatures rising
30°C per km of depth (Francis, 1954). The rise in temperature can be significantly
increased in areas of igneous activity. Increases in pressure (at depth) may have a
detrimental effect on coalification, if it restricts the escape of methane and other volatile
materials (Skinner, 1976). There is still a dependency on the original plant material and
the initial environment for the accumulation and sedimentation. Figure 3.3 shows that
as there is greater compression, so the oxygen content (% wt) decreases as the

carbon content increases.
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Figure 3.3 Relationship between coal rank/ grade, with comparison of carbon to oxygen
content (Skinner, 1976)

From Figures 3.2 and 3.3 an assumption can be drawn that the coals from the Tertiary
era will be of lower grade than those from the carboniferous geological period. As coal
goes through greater time, compression and metamorphosis, anthracite is likely to

form, especially under geological plate boundary conditions, where high pressure and
30



temperatures are achieved. Coals from the Tertiary era have had insufficient time to

form high grade coals (Skinner, 1976; Thomas, 2002).

3.3.1 Nitrogen in coal

The nitrogen content within coals can show great variation not only from coal type, but
also within a mine area. The nitrogen within the fuels can also take different chemical
forms, pyrrole, pyridine, pyridinic and quaternary. The nitrogen in coal generally forms

hexycyclic bonds in the aromatic matrix and heteroaromatic compounds.

Figure 3.4 Representation of the 2-D structure of bituminous coal, based on the Wiser
model (Wiser, 1975; WOU, 2006)

As the rank of a coal increases, so the structure changes and the carbon content
increases. With the increase in carbon content, the nitrogen locked into the coal lattice
tends to show a relative decrease.(Nelson, 1992b; Nelson et al., 1990). Figure 3.4
shows a 2-D representation of the structure of a bituminous coal. Within the lattice of

the coal, the elemental structure of the CHNO is shown, it does not include other

31



elements, but can be useful tools for predicting how the chemical structures breakdown

under heating conditions.

3.3.2 Pyrrolic Pyridine/ Pyridinic/ Quaternary nitrogen

Coal is a complex heterogeneous structure; the carbon content tends to form aromatic
and heteroaromatic compounds. The nitrogen content forms some distinct functional
chemical groups with the carbon complexes; pyrrolic, pyridinic and quaternary groups.
Figure 3.4 shows the nitrogen in hexicyclic and 5-membered heterocyclic formations
with the carbon atoms. These groups can be divided into the following: pyridine group
has N-6 formations, the pyrrole group has an N-5 formation and quaternary is
constructed of N-4 formations. The fourth bond in the quaternary structure is often
associated with a hydroxyl or oxygen in an intra or intermolecular formation (Nelson,
1992a; Davidson, 1994). Figure 3.5 shows the structures of the functional groups and
their electron volts (eV) binding energies. The binding energies are used in X-ray
photoelectron spectroscopy (XPS) analysis, see section 4.11. Although there are other
nitro-complex functional groups, pyridine, pyrrole and quaternary are the main sources
of nitrogen in coal, with pyrrole containing between 50-80% of the nitrogen content
across all coal ranks (Deng, 2008; Gong, 1999; Kambara et al., 1994; Liu, 2001,

Woitowicz et al., 1995)
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Figure 3.5 The degradation of pyrrolic and pyridine nitrogen to form quaternary nitrogen
compounds. (Pels, 1995b)
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When the coal is subjected to thermal degradation, initially the aromatic clusters
separate and the aliphatic groups are liberated, but the fuel nitrogen (Fuel-N) are
retained in their functional groups. As the temperature increases, the functional groups
begin to degrade. The nitrogen contained in the functional groups becomes the
principle source of fuel NOx as the coal is subject to thermal degradation. Different
coals contain different percentages of the nitrogen functional groups, as such, the fuel
NOx released under the same combustion conditions will differ dependant on the
functional groups. (Ji, 2009; Johnsson, 1994; Liu, 2001; Taniguchi, 2010; Watanabe,
2011; Zhao, 2004), The NOx emissions are not solely limited by the percentage of the
functional groups. Whilst the functional groups are linked to the carbon content of the
coal, the functional groups will be different in different ranks of coals. There is a
relationship between the emissions levels and the functional groups. Therefore, the
formation of fuel NO is dependent on; coal grade and functional groups. (Kambara et
al., 1994). As coal rank increases, so the carbon content increases. With the increase
in carbon, the nitrogen percentage content has a tendency to decrease. The decrease
is mainly felt in the pyridine and quaternary functional groups and less so in pyrrole.
There has been conflicting work with respect to the functional groups nitrogen content
when compared to carbon content of coal. Kambara showed with increases in carbon
content, pyridinic and quaternary nitrogen contents decreased, while the proportional
nitrogen content of pyrrole increased (Kambara et al., 1994). Keleman, Woltowics and
Nelson (in separate works) showed that as the carbon content increased, the
quaternary nitrogen decreased across all three results. The pyridinic nitrogen increased
across all three sets of results, however while Keleman indicated a slight increase in
pyrrolic nitrogen Nelson and Wojtowics indicated modest reductions in pyrrolic nitrogen
(Nelson, 1992b; Kelemen S. R., 1994). All four sets of data showed that the main
nitrogen bearing functional group for all of the coals was pyrrolic (Davidson, 1994),

“More pyrrole than pyridine in coal lead to high yields of fuel-NO ,” (Zhang et al., 2015).
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3.4.1 NOx formation

Despite many studies into NOx formation through combustion, the complete
mechanism of fuel-N evolution to NOx is still not fully understood, (Glarborg, 2003;
Klippenstein et al., 2011; Niksa, 1996a; Liu, 2019; Glarborg et al., 2018). There are
three principle routes to the formation of NOx during the combustion of coal: fuel-NOx,
prompt-NOx and thermal NOx. Fuel NOx is responsible for between 75-95% of all NO
produced during the combustion of coal (Mitchell, 1998). From approximately 1200°C,
thermal NOx starts to become prevalent (Mitchell, 1998). NO; only account for
approximately 5% of the fuel NOx, dependent of the fuel type. (Matsuda, 1994;
Sarofim, 1995). A fourth intermediary process is also considered, a free radical
compound NNH. The NNH process was proposed by Miller et al (Miller and Bowman,
1989) and experimental work by Selgran indicated a life span of approximately 0.5 us
(Selgren, 1989). Further theoretical work by Bozkaya suggested life spans of 10%-101°
s, and Klippenstein used lifetimes of 10° s for NNH in a furnace (Bozkaya, 2010;

Klippenstein et al., 2011).

Until approximately 2000, industrial combustion furnaces used for power production
were held at 1200-1500°C (Bilbao, 1995; Lanigan, 1994; MacPhail, 1997). More recent
operating temperatures of a PCC using bituminous coal operate between 1500-
1700°C.(IEA, 2018). This maintains a balance between fuel-NOx and thermal-NOx.
Figure 3.6 shows the relationship for the three main routes of NO production. Thermal
NO starts to become prevalent at 1100°C, showing an exponential increase from
1200°C onwards. Fuel NO stabilises at around 1800°C. Prompt NO shows a slight
increase at 1800°C. This combination of factors shows why controlling the temperature

in a furnace is imperative to controlling NOx emissions, see Section 3.6.
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Figure 3.6 Relationship between nitrogen oxides formations and temperature. (BHEL,
2016)

The nitrogen content of most coals is between 0.5-2% by mass (Turns, 2012), although
dependent of the geology and petrology there may be higher percentage values. The
nitrogen content within a fuel, and the functional groups in which it is entrained are

critical factors to the amount of fuel NOx emissions, Section 3.3.2.

3.4.2 Fuel NO

During combustion of coal, there are three main stages: drying, devolatilisation and
char combustion. For the formation of NOx, devolatilisation and char combustion are
intrinsic. During devolatilisation, nitrogen is released from the functional groups. As the
nitrogen is released it can form nitrogen containing radicals, molecular nitrogen,
ammonia (NH3) and hydrogen cyanide (HCN). NH3; and HCN are known to be
intermediary species for the formation of fuel NO. Not all of the Fuel-N is released
during devolatilisation, some is retained in the char and heavier volatiles as tars. The
partitioning of the Fuel-N is critical; to the control of NOx emissions from a furnace, see

Section 3.6
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The hydrogen cyanide released during pyrolysis can react with free oxygen radicals to

form NO, at equivalence ratios of 1.2 or less (Glarborg et al., 2018), Equation 3.1-3.4.

HCN + O <-NCO + H Eq3.1
NCO +H < NH + CO Eq 3.2
NH + H < N + H, Eq3.3
N+ OH < NO +H Eq3.4

As the equivalence ratios increases above 1.2 the HCN can be returned back into No.
Therefore if the equivalence ratio can be controlled, then this can be an important
process in controlling the final formation of NOx, in particular prompt NOx. (Miller and

Bowman, 1989).

The hydroxyl groups can form further reactions with hydrogen radicals. Figure 3.7
highlights some of the key reactions and mechanisms that take place for the
conversion of Fuel-N to molecular nitrogen during the devolatilisation and subsequently
char combustion. (Fenimore, 1970). During devolatilisation and into combustion, an
intermediary product from Fuel-N to fuel NO can readily develop. During the tar phase,
heavier volatiles can be released. In a fuel rich environment, the volatiles can be
oxidised through pyrolysis in hot gases. During pyrolysis, nitrogen is released from the

tars and form intermediary species of NHs, but predominantly HCN (Glarborg, 2003).

When the fuel is combusted under fuel lean conditions, even under moderate flame
conditions, the Fuel-N can readily react with the free oxygen radicals to form NO. The
complete range of reaction pathways are not known or completely understood, the
abstraction of hydrogen forms a reaction with the hydrogen cyanide via oxy-cyanosis of

HNCO and NCO to form ammonia species NH;, (where i=1, 2 or 3).
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Figure 3.7 Simplified production of NO from combustion of hydrocarbons containing N
within the fuel matrix. (Adams, 2017; Fenimore, 1970)

In a fuel rich environment amines are released during pyrolysis and can react with the
NO. Through this process, Fuel-NO can be reduced back to molecular nitrogen. NO
can also readily react with CxHy species, thus complicating the NO reduction. The main
product of this interaction and reactions is HCN. Under fuel rich conditions however,

HCN can be reduced to N2, see Section 3.6.2.

After the devolatilisation stage, char combustion takes place. Fuel-N retained in the
char is then released. The char combustion stage is the last to happen and generally
lasts longer than both the devolatilisation and the tar pyrolysis phases. Occasionally
Fuel-N is retained in the ashes after combustion is complete, however during complete
combustion of coal, all of the nitrogen will be released. Whilst the process is not fully
understood, or all of the chemical reactions known, the char-N is predominantly
released as HCN, with lesser quantities of NHs. As char combustion takes place in the

presence of Oz, the remaining Fuel-N may convert directly to NO. The formation of
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HCN from the char and ash, through thermal dissociation, is highly exothermic, which
will tend to release any remaining fuel bound nitrogen. (Niksa, 1996a) Fuel-N
converted to NO can be reduced to molecular nitrogen via the solid-gas reaction,

Equation 3.5:
2C + 2NO—2CO + N.. Eq 3.5

The reduction of NO to N, can occur on the surface of the char, (Jones J.M, 2004;
Molina et al., 2009). There is a correlation between carbon burnout and NOx and

carbon burnout in coal boilers and furnaces.

Fuel-N converted to NO can have a broad range of between 15-40%, dependent on the
operational conditions within a furnace, including stoichiometry, flame temperature,
furnace temperature, air and fuel staging. Fuel properties are also instrumental in how
much NO is produced, i.e. nitrogen content, nitrogen functional groups and volatile
matter, see Section 3.6 (Baxter et al., 1996; Pels, 1995b). The primary product of char
nitrogen combustion is NO. The reaction rates of char combustion is much slower than
volatile and tar combustion. NO accounts for approximately 25% of the char-N. (Cahill,

1991).

The following reactions are the likely pathways for Fuel-N under fuel rich conditions

(Mitchell, 1998):

HCN + OH — NH, +CO Eq 3.6
NH;, + RH — NH3; + R Eq 3.7
Hz, + NO — N;H + OH — N2 +H,0O Eq 3.8

NO can be depleted via the following mechanism:
CH+NO —->HCN+O Eq 3.9
C + NO —0.5N, + CO Eq 3.10

Under fuel lean conditions, with stoichiometry, A =21, the following reactions can be
assumed: (GRI2, 1996).
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HCN + O <NCO + H Eq3.11

HCN + O - NH + CO Eq 3.12

HCN + O «<CN + OH Eq3.13

These reactions are followed by:

NCO + O «<>NO + CO Eq3.14
NH + OH <>NO + H,0 Eq3.15
CN+0 < N+CO Eq3.16

Under fuel rich conditions, the reaction pathways in Equations 3.11 to 3.16 will be

different.

3.4.3 NNH mechanism

The NNH mechanism is a short lived intermediary reaction pathway for NO production
of 108-101° s, whilst Selgram indicated durations in the region of 5 ps. (Bozkaya, 2010;
Selgren, 1989). The NNH mechanism was originally suggested by Miller and Bowman
and again later by Bozzelli and Dean through the rich fuel environment represented in
Equations 3.17-3.19. (Miller and Bowman, 1989; Bozzelli and Dean, 1995). Although
the pathway is only an intermediate step, it may be intrinsic to the formation of NO

during combustion.
A comparative route for the formation of NO occurs in a fuel rich environment:
N+ OH <NO +H Eq 3.17

In fuel rich conditions a further reaction mechanism can take place (Bozzelli and Dean,

1995):
H + NN = NNH Eq 3.18

NNH + O = NO + NH Eq 3.19
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Within a turbulent flame, the O radicals can be intrinsic to the formation of NO, (Bilger,

1975) where fuel nitrogen can form compounds with the highly reactive O radicals.

The fuel-N will be liberated under high energy conditions i.e. when heat is applied, and
in an environment where oxygen is present, the Fuel-N is likely to form NO. In the post
flame environment, where heat is greater than in the flame region in a combustion
chamber, char-N will readily form NO. (Mitchell, 1998). Within the post flame
environment, therefore, the temperature needs to be controlled to reduce NOx

formation, see Section 3.4.5.

3.4.4 Fenimore (Prompt) NOx

Prompt NOx is the formation of NO from the interactions of atmospheric nitrogen,
oxygen radicals and hydrocarbons. Originally proposed by Fenimore, (Fenimore,
1970). The NO formation happened in the early stages of combustion of a fuel and
occurs at the flame front. The reactions are short timescales; however hundreds of
reactions take place over this time frame. Prompt NOx forms differently than fuel NOx
as this is the result of atmospheric nitrogen, however it does follow some of the same
reaction pathways. As the formation occurs early on in the combustion process, the
process is different than thermal NOx, which often takes place in the hotter part of the
furnace, above the flame zone. Radicals are produced, and react with the atmospheric
nitrogen, and small quantities released from the fuel. Equations 3.20-3.25 shows that
cyano compounds are produced which can develop into amines with the nitrogen.

Further dissociation takes place resulting in NO and hydrogen radicals.

Whilst hundreds of reactions take place, the principle reactions are shown in Equations

3.20-3.21.
CH+ N, HCN+N Eq 3.20

C+Na<> CN+N Eq 3.21

40



After this process the hydrogen cyanide can react with free oxygen radicals to form
NO, at equivalence ratios of 1.2 or less. The second Equations 3.22-3.25 are the same

as those shown in Fuel NOx formations.

HCN + O -NCO + H Eq3.22
NCO + H <> NH + CO Eq3.23
NH + H < N + Ha Eq3.24
N+ OH < NO +H Eq3.25

As with fuel NOx, these reactions are reversible, if the equivalence ratio is greater than
1.2. This can be instrumental in inhibiting the formation of NOx, and the potential to

reverse NOx into molecular nitrogen (Miller and Bowman, 1989).

The contribution of prompt NOx to the overall NOx formation within a PCC is not
completely known, especially as some of the reactions are shared with fuel NOx, but it
is small, <5%. The amount of prompt NOx formed during combustion has been
established to be proportional to the concentrations of carbon atoms. The carbon atom
formation however is independent of the hydrocarbon species (Hayhurst and Vince,
1980; Tomeczek and Gradon, 1997). As conditions within the combustion chamber
takes place, so the formation of prompt NOx changes. Prompt NOx will always form in
the combustion zone as long as there are hydrocarbons present where nitrogen from

the air can be oxidised.

3.4.5 Zeldovich (Thermal) NOx

Thermal NOx is a reaction pathway for atmospheric nitrogen that occurs at higher
temperatures generally starting around 1100°C (1370K) (Zeldovich, 1946). After this
temperature there is an exponential increase, see Figure 3.6, Section 3.4.1.
Temperatures higher than this do not readily form in the flame zone. Therefore most

thermal NOx forms above the flame zone within the overfire air region (OFA), see
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Figure 3.10, Section 3.6.6. Whilst the oxygen is primarily dissociated from the air, it can
be derived from H and O radicals from the coal, which readily form NO with the
nitrogen which can also come from the fuel (Bozzuto, 1992; Mitchell, 1998). The

principle reactions are shown in Equations 3.26-3.29:

N> + O, —2NO Eq 3.26

The extended Zeldovich equations can then be applied and the reversible equations

are formed:
Nz + O < NO +N Eq 3.27
N+ O, & NO +O Eq 3.28
N + OH < NO +H Eq 3.29

Whilst these reactions are heat dependent, they form more readily in a fuel lean
environment, stoichiometry <1. The higher temperatures dependencies for the
formation of thermal NOx, as the nitrogen triple bond of N2 is strong and so requires
high levels of energy. If the oxygen and nitrogen are in a steady state, the Zeldovich
mechanism can be best described as a shuttle reaction. Hydroxyl and hydrogen
species are intrinsic in the oxidation of nitrogen for NO formation. The mechanism is
responsive to temperature, stoichiometry and residence time. Thermal NOx can occur
in fuel rich conditions; however, the reactions pathways are different. Increased
reactions are required to compensate for the elevated concentrations of hydrogen
radicals and hydroxyl radicals. Under fuel rich conditions, extra heat energy may be

required to help break the Oz and N2 bonds (Mitchell, 1998).

3.4.6 N20O mechanism

The N.O mechanism is a low temperature intermediary process in the formation of
NOx. The initial reaction to form NO from diatomic nitrogen from the air and oxygen is

shown in Equation 3.30. The reaction pathways for N> and O is not well researched or
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understood. The reverse reaction of disassociation of NO has been experimentally
studied over a range of conditions (Glarborg et al., 2018) The original proposal for the
mechanism was from Malte (Malte and Pratt, 1975). Experimental work using CH4 and

air during combustion revealed the potential reactions shown in Equations 3.30-3.34:

N2+ O+ M—NO+ M Eq 3.30
N.O +O-2NO Eq 3.31
N2O + ONat O, Eq3.32
N2O+ H<N2+ OH Eq 3.33
N20 + H-NO + NH Eq 3.34

An alternate pathway for the atmospheric nitrogen is shown in Equation 3.35 (Bozzelli

and Dean, 1995).
H + N2 + M—NNH+ M Eq 3.35

The route shown in Equation 3.35 starts the formation of NNH mechanism as shown in

Section 3.4.3.

The NH may go on to further reactions with OH or O, to form NO, or react with NO to

form N2O or N (Glarborg et al., 2018).

The N>O mechanism is a low temperature process Malte suggested <1800K (Malte and
Pratt, 1975). Later work by Klippenstein et al (Klippenstein et al., 2011), bracketed the
reactions to a temperature range of 300-2200 K for the N.O + H reactions in Eq 3.33.
Experimentally, Yokoyama (Yokoyama et al., 1991) showed the N>,O + H reaction
accounts for 70-90% of the total reaction rates, with N> + OH accounting for 10-30%.
This was later confirmed theoretically by Klippenstein (Klippenstein et al., 2011). At this
range, there would be some overlap into thermal NOx, which starts at ~1370K, and
becomes predominant at ~1800 K (Zeldovich, 1946). Above 2200 K, only two studies
have been carried out in shock tubes for the NH + NO mechanism, 2200-3500 K by

Mertens et al (Mertens et al., 1991), and at 3500 K by Yokayama (Yokoyama et al.,
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1991). The rate constants for knn+noy reported by Yokayama were between and one

and three orders lower than those reported by Mertens.

3.5.1 Photochemical Smog

Photochemical smog forms from hydrocarbons and oxides of nitrogen in the
troposphere, through the dissociation of NO, with light from the electromagnetic
spectrum from visible light to ultraviolet. Equations 3.36 and 3.37 show the mechanism
involved on the formation of ground level Oz at wavelengths of <430 nm. The NO
dissociates to form NO and a free oxygen radical. The second stage involves a stable
secondary molecule which interacts to form a stable transition for molecular oxygen
and free radical to form ozone. (Finlayson-Pitts, 2015) The stable molecule acts as a

catalyst for the reaction.
NO; + hv (X< 430nm) —-NO + O Eq 3.36

M+0+02,—-03:+M Eq 3.37

The same process can occur with NO, where the NO is dissociated to form nitrogen
and oxygen free radicals. The reactions in Equation 3.36 are then followed for the
formation of Os. The nitrogen radical will readily form a new molecule with other
nitrogen radical to form stable molecule nitrogen. (Turns, 2012) This process can also
occur naturally, where lightning can act to dissociate the N, and O to produce the free

radicals N and O.

3.5.2 Acid rain

A further problem associated with NOx is the secondary pollutant acid rain. Sections
2.2.1 and 2.2.2, highlights some of the issues associated with acid rain. Acid rain from
NOx can take the form of two different compounds HNOg3, nitric acid and HNO., nitrous
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acid. The NO2 molecules in the atmosphere are subject to hydrolysis, the acid

compounds formation are shown in Equation 3.38.
2 NO2/N>O4 + HoLO—HNO> + HNO3 Eq 3.38

The reaction can be reversed, where the nitric acid is converted back to NO;, H,O and

O Equation 3.39.

4HNO3 — 4NO3 + 2H20 + O3 Eq 3.39

Whilst the principle concerns are from acid rain, as shown in Figure 2.2, if the NO-
particles do not go through hydrolysis, they may fall to the ground as a dry solid acid,

which is also harmful to flora and fauna.

A further problem can be the formation of PM, where the NOx particles can act as a

nucleus for the formation of fine particulate matter, both PM;s and PMs,.

3.6 Industrial NOx reduction techniques

The BAT in Section 2.6, showed the emissions standards to be met by 2021 in the EU.
Table 3.2 shows the primary and secondary reduction technologies incorporated within

pulverised coal furnaces.
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Table 3.2 Primary and secondary NOx reduction technologies used in industry to control the
emissions from pulverised coal combustion. (Van der Kooj, 1997)

Primary and secondary technologies for the control NOx
Technology | Reduction Application or restrictions
%
Stoichiometry is used as a control
Low NOx 30-55 measure. Flame length is important for
burners maintaining efficient combustion. Not
suitable for cyclone furnaces.
Low NOx Injection location and height of the
burners with 35-70 overfire air ports is essential. Not
air staging suitable for cyclone furnaces.
Retrofit injectors required which
Gas re-burn 60 require Ia}rge amounts of space. Can
have an impact on boiler heat
distribution
Low-NOx As with Low NOx burners and gas re-
burner with 60-70 burn
gas re-burn
Temperature is critical to avoid
SNCR 30-50 ammonia slip and the production of
N20.
SNCR with As above. Reburn stoichiometry of 1 is
natural gas 90 required.
re-burn
Costly refurbishment. Operating
temperatures restricted 300-360°C.
SCR 90 o X
Catalyst poisoning from alkali and
alkaline metals allowing ammonia slip

3.6.1 Primary Reduction

The primary technologies are designed to focus on the fuel characteristics, the

combustion processes and the designs of combustion chambers to reduce emissions.

3.6.2 Low NOx burners

NOx reductions of 30-55% can be achieved through the deployment of a Low NOx
burners in a PC furnace (Sen, 2010). Low NOx burners inject fuel and air at different
stoichiometric levels between the primary, secondary and tertiary inlets. Figure 3.8
shows a Low NOx burner outlet from a small PC combustion chamber (250KWi).
Whilst the burner is from a small-scale pilot test facility, it shows the main

characteristics of a large-scale furnace burner design.
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Figure 3.8 Outlet into the combustion chamber of a low NOy burner from a 250kWy PC
combustion chamber at the PACT facility Sheffield. Adapted from (Nimmo, 2016)

For coal to achieve continuous combustion, the operating temperature of the furnace
needs to achieve 750-800°C for incipient combustion. To achieve these temperatures,
natural gas is introduced through the pilot port. Within large scale furnaces, gas or
industrial oil may be used to initiate start up in a furnace. From a cold start, a large-
scale furnace (>500MW), can take up to 10 hrs to achieve operational temperature.
The reaching of operational temperature does not include production of steam for
electrical power production. When operating temperature is reached, the natural gas
supply can be turned off, and the furnace will be self-sustaining on pulverised coal

under the correct stoichiometric conditions.

The primary, secondary and tertiary zones within the Low NOx burner, contain angular

vanes designed to create vortices of air. The vanes provide a swirl motion to the fuel
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and air in the combustion chamber. The fuel is injected with the primary air and is
picked up in the vortices and mixed with the air. Maintaining the fuel and air mixture
within the heat cycle for the correct length of time ensures a more efficient combustion
cycle. A more efficient combustion cycle ensures less carbon is left in the ash. Through
this action, greater efficiency can be achieved in the furnace and the mass of solid

waste product is reduced.

The stoichiometric levels are maintained as a fuel rich combustion environment. As the
air levels are comparatively low, this leads to lower NO levels by reducing the amount
of reactive oxygen present. The reduced O- reacts more readily with the carbon in
preference to the volatile nitrogen. The nitrogen releases as volatile fuel-N forms triple
bonds with other available nitrogen species in the absence of readily available oxygen,
to form N, Equations 3.5 and 3.10. A second stage of combustion is at a stoichiometric
value of ~1. The nitrogen now in N2 form would require higher energy levels to break
the strong triple bond, and so is less likely to become reactive with the oxygen in the
air. The controlled stoichiometry achieves lower temperatures leading to lower values
of thermal NOx. The operating conditions of a Low NOx burners are a compromise
between NO reduction, emission of other gases (CO and CO) unburnt hydrocarbons

(UHC) and flame stability.

Figure 3.9 shows the stoichiometric conditions within a furnace and the effects this can
have on the emissions characteristics of CO2, CO, HC, NO and particulate matter.
Through small changes in the stoichiometric values, significant changes in the
emissions can be realised. It can be seen that changing the ratio A from 1.01 to 1.04
can achieve large reductions in CO, UHC and particulate matter. Over this range there
are only slight increases for the CO, and NO. To achieve reductions of CO», however,
ultimately stoichiometry in excess of 1.03 is required. Increasing stoichiometry over
1.01 starts to see arise in NO values. The tuning of a combustion chamber into
combustion zones with different characteristics is essential, in an attempt to achieve

emissions values inside regulation standards see Section 2.6.
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Figure 3.9 Emissions concentrations as a function of air in excess of A, air fuel ratio

above stoichiometry (Popescu, 2010)

3.6.3 Furnace conditions and design

The burner geometric design can have significant effects on the combustion process,
and a specific fuel type may require different design characteristics. The geometric

design will not be discussed further, however the operational conditions within the

furnace appertaining to NOx reduction follow.

3.6.4 Stoichiometry

Stoichiometry is the control of the air/fuel (A/F) ratio. The ratio is critical in controlling
the temperature, emissions of gases, particulate and unburnt hydrocarbons. Figure 3.9
shows how changing the value can change the proportions of these. The stoichiometric

values that a furnace operates on is dependent on many aspects; geometry of the
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furnace, type of furnace (tangential or side wall fired), number and type of burners, fuel
type and load. Furnaces will normally be run with a stoichiometry (A) of less than 1, i.e
fuel rich conditions. Most PCC furnaces operate at between 0.7 — 0.85. The air fed into
the combustion chamber is divided between the primary combustion zones and the
overfire air Figure 3.10. If the A/F ratio exceeds these figures, then the oxygen in the
air, not required for combustion, will readily form NO with the Fuel-N. If excess O2
levels are maintained at approximately 5%, then NO emissions can be kept to a
minimum and controlled using stoichiometric values. These observations were noted
by Chen and Gathitu (2011), when using lignite and bituminous coals in a down fired
furnace, with a residence time of 1 s for the fuel. (Chen and Gathitu, 2011). Much
research has been carried out exploring the potential to optimise stoichiometry in an
attempt to control NOx. Hesselmann et al, carried out experiments in a combustion
chamber using a single Low-N burner (160kW,) using a Polish bitumen coal. Within
the primary combustion zone they operated stoichiometry of 0.9, in an excess O» value
of 3%, in the primary combustion zone. With these values set, they found that NOx
emissions were dependent on the distances between the primary combustion port and
the overfire air. As the distances between the primary combustion zone and the
overfire air increased, so NOx reductions were observed (Hesselmann, 1997; Mitchell,

1998).

Rozendaal Van Vliet experimented with stoichiometry values between 0.75-0.95 in an
electrically heated furnace, using a high volatile bituminous coal. When operated at
0.95 in the primary flame zone, reductions in NOx from 700 ppmv to 400 ppmv were
observed. These figures were reduced further to 350 ppmv when the combustion was
complimented with burnout air. Reduction of the stoichiometry down to 0.75 shown
significant reductions of NOx down to 100 ppmv. The final burnout of the char led to an

increase in the NOx emissions back to 170 ppmv. (Greul, 1996; Rosendaal, 1996).

At stoichiometry values of 0.8 and using a blended coal of bituminous and brown coals,

Bose et al, found that NO was the principle nitrogen compound formed. When
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operating stoichiometry of 0.6, more HCN and NHs were formed. Smart and Webber
(1998) found the same results, when operating with residence time. Longer residence
times lead to lower NO emissions, when using a premixed burner and blended

bituminous with brown coals. (Bose, 1988; Smart, 1989).

3.6.5 Temperature

As shown in Thermal NOx (Section 3.4.5) temperature can have a significant effect on
the amount of NOx produced during combustion. Temperature in the primary
combustion zone is dependent on the fuel type, and stoichiometry. Temperature can
also be controlled via residence time. Complete combustion is more likely to take place
if the residence time is increased. Complete combustion and thus complete carbon
burnout can lead to higher temperatures if stoichiometric conditions are maintained.
Higher grade coals tend to have higher carbon contents. Whilst higher carbon content
can lead to higher temperatures in a furnace, they also require higher temperatures to
start and maintain combustion, due to lower volatile contents. Nitrogen content tends to
be lower in high carbon coals, see Section 3.3.1. If the volatile content is reduced then
the amount of volatile nitrogen may well be reduced, leading to a relative increase in
char-N (Courtemanche and Levendis, 1998). Volatile-N, when released from fuel in a
Low-N burner, see section 3.6.2, can be controlled and reduced back to molecular
nitrogen. In a Low-N burner, char-N can account for as much as 60% of the NOx
produced, therefore, whilst the percentage of nitrogen content may be lower in a high

carbon fuel, the relative amount of NOx produced may be increased (Mitchell, 1998).

3.6.6 Overfire (Air Staging)
Overfire air, or air staging is a process of partitioning out primary air, which is fed in

with the fuel, and a parcel of air which is used in the overfire air, see Figure 3.10. The
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overfire ports are situated above the main combustion zone, and approximately 20% of

the total air is fed into these ports.

Burnout Zone
(Combustion is
completed hera)

Reburn fone

Burnout Fone
[Fuel Rizh)

Main Fuel
(B5-90°% of total)

and Primary &ir
Figure 3.10 Basic design of a furnace with overfire ports. (EPA, 2018)

The net result of partitioning off the air to overfire, is a fuel rich environment in the main
combustion zone, see Section 3.6.4. The creation of the fuel rich zones leads to an NO
reducing environment. Further reductions are felt through the control of the
temperature in the main flame zone. Above the main flame zone is the overfire air. The
temperatures are higher in this region. The overfire air is fed in which reduces the
temperature. The reduction in temperature due to the overfire air helps to reduce
thermal NOx and creates an environment for complete combustion. The location and
height above the main combustion zone is critical to achieving a reducing environment.
The combination of Low-NOx burners and overfire air can achieve NO reductions of as

much as 70%.

3.6.7 Fuel Staging

Fuel staging utilises a secondary fuel to supplement the primary fuel in the combustion

chamber to create different combustion zones. The secondary fuel can be of the same
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fuel type as the primary or an alternate fuel, in the case of coal the secondary could be
oil or gas. The secondary fuel can be fed in via the overfire system and can be used to
create a fuel lean environment.

Primary fuel is supplied to the main combustion zone with an excess of air. Within the
primary combustion zone high levels of NO are initially produced. When the secondary
fuel is injected, there is no extra air provided. The excess air/O, from the primary
combustion is used with the secondary fuel. The secondary fuel can also be combined
with overfire air. Under these conditions the excess air can be used to reduce the
excess CO produced in primary combustion. The combustion of the excess O with the
secondary fuel restricts the oxygen available to form NOx. The NO is converted to
molecular nitrogen in the reducing atmosphere in the absence of hydrocarbon radicals.
Excess hydrocarbons are consumed in the overfire region.

Stoichiometry is an essential part of the process to control and restrict the amount of
available air and O; in the primary and secondary combustion zones. Stoichiometry of
0.9-0.95 is applied in the re-burn zone to control temperatures between 1300-1800 °C.
This control measure offers the optimum performance for NOx reduction for bituminous
coals, yielding residence times of 2-5 s in the combustion chamber (Garner, 1997).
Re-burning can offer NOx reductions of 70%, when operating with natural gas as a
secondary fuel to coal. When coal is used as a secondary fuel over the primary fuel of

coal, reductions of 50-60% can be achieved (Doig, 1997; Bell and Buckingham).

3.6.8 Secondary control measures

Secondary control measures involve NOx and emissions control measures after
combustion. The control systems are in the effluent exhaust systems and consist of
mechanisms designed reduce the NOx emissions before emission from the exhaust
stack. Whilst the secondary NOx control measures provide necessary control

technology, they have no direct impact on this research. Their inclusion is for reference
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and for the potential effects this body of research could have on the performance of an

SCR incorporated in a PCC furnace.

3.6.8.1 Exhaust Gas Recirculation (flue gas recirculation)

Exhaust gas recirculation extracts a volume of gas from the effluent gases and feeds
this back into the furnace. The exhaust gases tend to be low in oxygen, and
comparatively high in CO.. When fed back into the furnace, the CO, from the exhaust
gases replaces some of the oxygen in the air supplied (on a relative basis). The
reduced O, results in a fuel rich environment, with reduced oxygen for the nitrogen to

form NOx.

3.6.8.2 Selective non-catalytic converters (SNCR)

SNCR’s are used to reduce NOx via the injection of reactant, aqueous ammonia or
urea direct into the exhaust stream of a PCC furnace. The operating temperature of a
SNCR is normally in the range of 870-1150°C. The ammonia is vaporised at these
temperatures and acts as a reactant to form diatomic nitrogen from the NOx, water and

CO.. SNCR’s can give conversion rates of 30-70%.

The reaction pathways for the interaction between NO and ammonia are shown in

Equations 3.40 and NO and urea in Equation 3.41.

4NO+4NH3+OZ_)4N2+6H20 Eq340

4 NO + 2 NH,CONH; + O, -4 N, + 4 H,0 + 2 CO, Eq 3.41

3.6.8.3 Selective catalytic converters (SCR)

SCR’s are deployed within the exhaust gas system of a PCC to control NOx emissions
and can yield reductions of 80-90%. The effluent gases pass over a catalyst, often
manufactured from oxides of base metals, i.e. titanium or vanadium pentoxide. The

catalysts are often honeycombed in design, which provide large surface areas for
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reactions to take place. Reactants ammonia or urea are combined with the catalyst,
using the same pathways as shown in Equations 2.34 and 2.35. The operating
temperatures of a SCR are much lower than for SNCR, and normally in the range of
300-400 °C. If operating temperatures exceed 400 °C, rapid degradation of the catalyst
will ensue. Due to this limited operating temperature, an SCR is positioned further
down the exhaust system compared to a SNCR.

SCR’s are subject to degradation and poisoning, which can dramatically affect the
performance. Ultrafine particles and nanoparticles can become embedded on the
surface of the catalysts, reducing the effectiveness. Chemical attack and poisoning can
occur from alkali metals (sodium and potassium). Alkali metals are generally higher in
biomass than in coals, see Section 3.7. As this research is focussed on utilising
biomass ashes as a method of NOx reduction, there may be further implications for
SCR systems installed if the alkali metals were to reach the SCR high concentrations.

(Dai et al., 2008)

3.6.8.4 Ammonia slip

Both SNCR and SCR can be subject to ammonia slip. Ammonia slip is caused when
some of the ammonia from the system is not completely used and passes through to
the exhaust stack. HNz is a powerful GHG and a pollutant, therefore the release of NHs;

into the atmosphere is undesirable.

Ammonia slip can occur if the operating temperatures are too low for complete reaction
in an SNCR or SCR. Within a SCR if the catalyst has become less reactive over time or

has a reduced performance through poisoning, then ammonia slip may also occur.

3.7 Ash products from combustion

During combustion of solid fuels, there is the effluent gases as emissions, but also a

solid waste product in the form of ash is produced. The ashes are primarily the non-
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combustible inorganic minerals of, silicon, iron, potassium, calcium, magnesium,
aluminium and sodium. Other minor or trace elements may also be present in the
ashes. During the high energy environment of combustion, the minerals are released
from the fuel matrix often as ions. The mineral ions readily form bonds with available
oxygen or other ions. The ash can take 2 main forms: furnace bottom ash and fly ash.
The furnace bottom ash tends to form larger particles which drops to the bottom of the
furnace. The furnace bottom ash can be directly removed from the furnace as solids.
Dependant on the furnace type, these may be quenched in water for rapid cooling. The
fly ash takes the form of finer or less dense particles, which are carried on the thermal
currents of the effluent gases. Due to the finer nature of fly ash, specialised collection

systems are required, consisting of electrostatic precipitators and filter bags.

3.7.1 Coal Ash

Coal forms from plant material in swamps, mires and coastal lagoons, see section 3.1.
The plant material gets laid down in strata, which is permeated with eroded rocks,
minerals and soils. The combination of the permeated mineral matter, and the minerals
taken up by the plants during growth can form the base of the ash materials during
combustion. Through the coalification process, heat and compression, mineral matter
in coals can become concentrated on a percentage basis. Ash is formed from the
inorganic mineral matter either forming part of or within the coal matrix. Coal ashes can
be dominated by aluminosilicates from rock minerals and iron oxides and sulphates

from pyrite.

Table 3.3 shows breakdown of a selection of coals from the Phyllis 2 data base. Ash
analysis is often taken on an oxides basis only (although other compounds may be
present in lower concentrations), therefore only the oxide of the major element analysis

is shown in Table 3.3.
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Table 3.3 Major elemental ash analysis from Phyllis 2, for a selection of 9 bituminous and
sub-bituminous coals from around the globe (www.ecn.nl/phyllis2, 2016)

Ash composition Minimum Maximum Mean Stddev  No of Samples
SOs wt% (ash) 3.60 9.99 6.75 2.99 4
cl wt% (ash) 0.01 0.01 0.01 0.00 1
P05 wt% (ash) 0.60 1.90 1.23 0.65 3
SiO; wt% (ash) 13.70 59.90 39.44 13.01 9
Fe 03 wt% (ash) 4.80 21.50 12.39 6.19 9
Al;03 wt% (ash) 5.20 31.10 18.72 9.26 9
Cao wt% (ash) 1.80 44.80 13.19 13.77 9
MgO wt% (ash) 0.70 13.30 4.23 4.02 9
Na,O wt% (ash) 0.40 7.30 1.83 2.12 9
K20 wt% (ash) 0.40 2.80 1.29 0.73 9
TiO; wt% (ash) 0.30 1.50 0.82 0.42 9

3.7.2 Biomass Ash

In its initial formation whilst growing, ashes from white woods may be considered
similar to coal, as coal forms from woody materials, Sections 3.1, 3.2 and 3.7.1. Wood
biomass will take up some elements from the environment in which they grow,
however, these are then not concentrated through the coalification process. Elemental
uptake in woody biomass can be from the soil, local geology or the atmosphere in
which they grow. (Darvell LI, 2010; Gudka, 2015). As noted in Section 3.1 and 3.2,
coals are millions of year’s old, woody biomass may be at most only a few hundred
years old, and generally much younger. The uptake of minerals and elements (other
than those needed for growth) may be affected by anthropogenic emissions. Therefore,
if grown in areas of higher pollution the biomass may take this into the plant structure.
(Bogush et al., 2018; Gudka, 2015; Lanzerstorfer, 2015) Biomass naturally tends to be
high in alkali and alkaline earth metals potassium, calcium, magnesium and sodium.
Plant material may also contain elevated levels of chlorine. During combustion the
alkali/alkaline elements are released and can be highly corrosive in a furnace. These
elements may also form salts KCI and NaCl, which may be highly corrosive to the

furnace and the steam systems within. (Tillman et al., 2010).
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Table 3.4 shows the major elements present in pelleted white wood biomass ashes
Elemental chlorine is not shown in the biomass ashes, and only a trace amount in the

coal.

Table 3.4 Major elemental oxides in the ashes from a selection of white wood pellets
(www.ecn.nl/phyllis2, 2016)

Ash composition Minimum Maximum Mean Std dev No of Samples
SOs wt% (ash) 1.62 1.62 1.62 0.00 1
P20s wt% (ash) 0.10 5.27 3.39 2.86 3
SiO; wit% (ash) 23.53 46.06 36.20 11.52 3
Fez 03 wt% (ash) 2.00 4.48 2.74 1.05 5
Al;0s3 wt% (ash) 1.76 14.00 6.86 5.37 5
Ca0o wit% (ash) 12.30 33.58 27.56 8.05 6
MgO wit% (ash) 0.60 6.50 3.26 2.50 6
Na,O Wt% (ash) 0.19 1.30 0.67 0.43 6
K,0 Wt% (ash) 1.00 13.06 7.57 4.42 6
TiO, wt% (ash) 0.06 0.17 0.12 0.08 2

When the oxides of potassium and calcium are reviewed, the biomass has significantly
higher percentages of these in the ash compared to the coal. In the case of CaO, the
values is twice as large, whilst for the K;O, the value is nearly four times greater. The
higher values of these oxides may be important catalytic pathways for the reduction of

NO to molecular nitrogen during combustion.

When biomass is subjected to thermal degradation in a furnace, the chemical
composition of the created oxides and particulate matter are shown in Figure 3.11. A
variety of size fractions are achieved, ranging from 0.01 pum up to 50 pum.
Agglomeration, condensation and coalescence may cause larger particle to form.
Incomplete combustion may also result in larger particle size being found (Kleinhans,

2018).
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Figure 3.11, The formation of elemental ashes through combustion of biomass (Van
Loo, 2008)

3.7.3 Utilisation of ash

When comparing coal to biomass, coals tend to have higher percentage values of ash.
When referring to Phyllis 2, for the fuels selected the coals shows ashes of 0.4% to
40.30%, whilst the white wood pellets are 0.07% to 6.4%. In a review of ash from
biomass and from co-combustion of biomass and coal, James, suggested there may
be an increase in the amount of ash produced during co-combustion of certain fuel
types. When combined with agricultural biomass, values of 5-10% ash were noted,
whilst coals in co-combustion with rice husks increases to 30-40% (James et al., 2012).
Much of this increase in ash may have resulted from incomplete combustion leading to
higher values of carbon in the ash (James et al., 2012; Duan, 2012; Gomez-Barea,
2009). The energy density of biomass also tends to be lower than that of coal,
therefore more fuel is required for the same heating value. The variation in biomass
ashes is highly dependent on parent biomass source. For white wood pellets, the

parent biomass may be virgin white wood, with low ash content, off-cut branches or the
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inclusion of bark will significantly increase the ash contents (Vassilev et al., 2013;

James et al., 2012; Olanders and Steenari, 1995).

The known elemental composition of the ash is essential for future potential use of the
ash. Fly ash has potential secondary uses in the following areas: fertiliser, construction
industry and cement additives. The use of fly ash as an additive for lightweight blocks,
as a cement additive or for concrete emulsifier has been reviewed. Woody biomass fly
ash has some limitations as a cement enhancer, above 20%, it can weaken the
structural integrity (Berra et al., 2015; Rajamma et al., 2009; Gomez-Barea, 2009).
Furnace bottom ash can also be used as an aggregate and as a concrete additive
(Beltran et al., 2014). The use of coal fly ash as a fertiliser or soil improver has been
reviewed by Silva. It was noted whilst there is some uses in amelioration of the soils
and macro-nutrient enhancement, correct certification of the ash is essential to denote
ash to waste and reusable ash (Silva, 2019). Maschio noted bottom ash could be used
as a cement and concrete additives when applied in “equivalent mass of 5, 10, 20 and

30 wt. %", fly ash to bottom ash. (Maschio S., 2011).

The carbon content of an ash can be intrinsic to any future usage. Biomass ash carbon
content with respect to biomass boiler and furnace efficiencies has been reported
(Duan, 2012; Gomez-Barea, 2009). Carbon content figures between 10-60% have
been recorded by Gomez-Barea. More modest percentage values of 10-30% were
reported by Duan et al. The higher carbon content figures are found in the furnace
bottom ash rather than the fly ash (Duan, 2012; Gomez-Barea, 2009). Boiler design,
stoichiometry and combustion process can have a significant effect on the efficiency of
combustion and thus the amount of carbon retained in the ash, see Sections 3.6.3-
3.6.5. Complete combustion of biomass can also be affected by the type and density of
the biomass. Lower density biomass fuels can be affected by the turbulent flow in the
furnace. Lighter or less dense particles can be forced to the side of the furnace in
turbulent flow, away from the main flame zone. Particles removed from the main flame

zone are unlikely to go through complete combustion, resulting in carbon left in the ash.
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Ashes with higher carbon content could be potential secondary fuels. The ashes would
be low in volatiles, and the carbon content may be in char form, therefore higher flame
initiation temperatures would be required for combustion to take place. The increased
alkali/alkaline metals would need to be considered if used as a fuel, as these can have
implications for ash slagging and fouling, (James et al., 2012) see Section 3.7.5,
Chapter 8 and 10. When biomass has gone through partial combustion, resulting in
high carbon content, the carbon will have high relative surface areas. The increased
surface areas would provide reaction sites for the potential reduction of NO to N2 and
Oz.(lllan-Gomez et al., 1995a; lllan-Gomez et al., 1995b; Illan-Gomez et al., 1993). The
increased reaction sites on the carbon may be instrumental for the current research if a

high carbon content is present in the ash.

3.7.4 Reactivity of Ash

The main compounds in coal and biomass ashes have been shown in Sections 3.7.1
and 3.7.2. The oxides were summarised in Tables 3.3 and 3.4, where biomass ashes
showed higher levels of alkali and alkaline metals compared to the coals (Tumuluru,

2011). The total reactivity ratio of ashes can be calculated using Equation 3.42.

R _ (Fe;03+Ca0+MgO+Na,0+K,0)%
b/a =~ (Si0,+Al,05+Ti0,)%

Eq 3.42

Equation 3.42 uses the known alkaline and acid oxide products in the ash as
percentages. This calculation can be used to assist in predicting the potential slagging
and fouling potential of a fuel from the ash analysis. When co-combustion of coal and
biomass is used, this can also act as an indicator of reactivity, since the basic
components, especially alkali metal oxides, can be important catalysts for different
reactions increase in reactive alkaline of the biomass. The alkali metal oxides can be

important for reactions during combustion.
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During combustion, the reactive elements are released during devolatilisation, including
hydrogen, potassium, sulphur and chloride. The chloride can combine to form highly
corrosive compounds KCl and HCI. When the fuel contains moisture, potassium
hydroxide and hydrochloric acid can develop. In the presence of vapour, all of the
reactive compounds in equation 3.42 can form alkaline and acids compounds,

respectively. (Dayton, 1996; Garba, 2012).

Sections 3.7.1 and 3.7.2 show biomass to have higher percentage weights of alkaline,
K, Mg, Na and Ca (Nunes et al., 2016) in the ash. The alkali and alkaline metals may
be important in the partitioning of nitrogen during combustion. If the partitioning of
nitrogen can be controlled, and released more readily during devolatilisation, then
using reactive ashes may be a method of controlling NOx emissions (Hernandez, 2005;
lllan-Gomez et al., 1993). The higher levels of K and Ca are the main focus of
investigation in this research, however other reactive compounds and elements may

also be significant in the reduction of NO to No.

During combustion, secondary reaction pathways are present. The secondary
reactions may also continue after combustion has finished. Table 3.5 shows some of

the major secondary reactions (Bostrém, 2012).

Table 3.5 Primary and secondary reaction pathways during and post
combustion of biomass ashes (Bostrom, 2012)
Ash Forming Reactions

Primary Secondary

K20 P20s5 + 2KOH < 2KPO3 + H20
KOH SO3 + 2HOH < K2S04 + H20
NaOH HCI + KOH « KCI + H20

Na2O SiO2 + 2KOH « K2SiO3 + H20
CaO CO2 + 2KOH « K2COs + H20
MgO P20s + 3Ca0 « CasP20s

P20s S0O;3 + Ca0 « CaSO0q

SO2 2HCI + CaO « CaCl. + H20
SiO2 SiO2 + Ca0 « CaSiOs3

HCI CO: + Ca0 « CaCOs

Clz K2SiO3 + CaO < K-Ca-silicates
CO2 KCI + SiO + Al>O3 «+ K-Al-silicates + HCI
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3.7.5 Co-combustion

Within modern power station, fuel flexible furnaces are being used for the combustion
of fossil fuels and biomass. The co-combustion of coal and biomass can be used as a
CO; reduction mechanism (Priyanto et al., 2016). Biomass has a lower calorific value,
so during co-combustion can be used as a mechanism to control temperature within
the furnace, however the increased volatile content of biomass, compared to coal can
lead to higher temperatures if flame stability is not controlled (Sahu et al., 2014, Gil et
al., 2010). Reduced temperatures can be used to reduce NOx, See section 3.4.5.
(Wang, 2009; Sahu et al., 2014; Gil et al., 2010). Coal and biomass also have different
combustion characteristics. Bituminous coal has two overlapping combustion phases at
315-615°C. Biomass tends to have two distinct phases; devolatilisation and volatile
combustion between 200-360 °C, whilst char combustion occurs between 360-490 °C
(Gil et al., 2010). Despite the potential increases in alkaline metals, which may increase
slagging and fouling, Section 3.7.4, the reduced heat in the furnace can be used as a
method of reducing slagging in a furnace (Arvelakis and Frandsen, 2010). Slagging
and fouling issues enhanced by increasing potassium levels in the fuel may be
mitigated against by the use of coal ashes, where potassium can be absorbed onto the

coal ash surfaces (Liu et al., 2017).

Testing of fuel characteristics during combustion in a large-scale furnace, however is
impractical through cost and operational considerations. Even in a pilot scale furnace

the cost implications can be prohibitive. (Gil et al., 2010).

Laboratory scale equipment can be used to simulate the conditions found within large
scale furnaces. Thermogravimetric analysers (TGA) are used for fuel characterisation
and for calculating the kinetic reactivity, see Section 4.8. The TGA provides useful
rapid screening to compare combustion characteristics of different fuels. TGA can be
used to differentiate between volatile combustion and char combustion phases. The
data from the TGA can be used for fundamental analysis between samples under test.

(Arenillas, 2004; Rubiera, 2002). A drop tube furnace (DTF) can be used for simulating
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the devolatilisation and combustion processes in a furnace. The DTF can be used to
create chars for devolatilisation analysis, or for combustion and emissions analysis see
Sections 4.4.1 and 4.4.3. The DTF can be used to closely simulate the conditions in a

large scale pulverised fuel furnace (PF). (Munir, 2009).

3.8 Chapter summary

Coal forms over millions of years from the degradations and coalification of plant
materials, under anoxic conditions. There are a range of coals ranging from high rank
anthracite through to lignite. A further grade, peat can be included, however this is not
a coal classification. Coal is made of a range of elements, of importance for the
formation of NOx are carbon, hydrogen, oxygen, sulphur and nitrogen. The nitrogen is
bound into the coal in heterocyclic formations. There are several functional groups of
nitrogen in coal, including, pyrrole, pyridinic and quaternary nitrogen. As the rank of
coal increases, so the carbon content increases. An increase in carbon often leads to a

reducing of fuel nitrogen.

During combustion there are a range of products including: CO,, CO, SOx, NOx and
ash. Within a furnace, the nitrogen is released as part of the combustion process and
can form many species of nitrogen compounds, including NH; and HCN. Ammonia and
hydrogen cyanide are intermediary species for the formation of NOx. Whilst the
formation of NOx is highly complex, involving thousands of intermediary reaction
pathways, there are three principal methods of NOx formation from combustion:
prompt, thermal and fuel NOx. Prompt and thermal NOx, are products of nitrogen in the
air, supplied for combustion. An important process for NOx production is the N2O
mechanism, a low temperature (300-2200 K) process of producing NO from
atmospheric nitrogen and oxygen. Fuel N accounts for as much as 95% of the NOx

produced during combustion.
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To control NOx emissions, a range of technologies have been employed, including Low
NOx burners to control the stoichiometric ratios in the furnace, fuel and air staging to
control the temperature and secondary measures such as SCR and SNCR to reduce

the emissions at the exhaust stack.

With the advent of fuel flexible furnaces, co-combustion of coal with biomass has been
employed as a method of emissions control for a range of gases. Including NOx. The
combustion of biomass has resulted in ashes that are relatively high in reactive
elements, K, Ca, Na and Mg. Within this work there is an exploration of co-combustion
of coal with biomass ash. The reactive elements within the biomass ash may present
an opportunity to act as a catalyst during co-combustion to reduce NOx to diatomic

nitrogen.
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Chapter 4 Experimental Methodology

4.1 Introduction

This chapter explains the equipment, instrumentation, processes and procedures
followed in the subsequent experimental chapters. The chapter is broken into the
following main sections: overview of the materials under analysis, equipment used for

fuel analysis and the procedures followed.

4.2 Materials

Three types of reference coals were selected, Galatia from the US, La Loma from
Columbia and Shotton, UK. A further low reactivity coal Ffos-y-fran from the UK was
selected for a comparative analysis. Two additives were selected for use with the
coals, white wood pulverised fly ash (PFA) and white wood furnace bottom ash (FBA).
Both of the ash additives were from the same fuel source, i.e. white wood pellets with
~5 wt. % w/w of wheat, oat and Miscanthus added pre combustion. See Figure 4.1.

The additives were from the same combustion cycle within a furnace.

Figure 4.1 Coals and ash additives dried and milled: a. FBA, b. PFA, c. Galatia, d.
Shotton, e. Ffos-y-fran, f. La Loma.
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A biomass, olive cake from Spain was used to ascertain if the same type of reactions
could take place within a high reactivity fuel. A third additive was selected for

combining with the olive cake, a coal pulverised fly ash (coal PFA). Figure 4.2.

e

;
Danpery nozoipd £ %

Figure 4.2 Olive cake and additive dried a. Olive cake, b. coal PFA

4.3 Sample preparation

All of the samples were dried, milled and processed for each experimental stage as per

the procedures listed in this chapter.

4.3.1 Ball mill

All samples were milled using a Retsch PM 100 ball mill, Figure 4.3. The samples were
then separated into size fractions using a Retsch PM 300 sieve shaker. Size fractions
taken were 152-212 um for initial proximate analysis, 75-152 um for elemental analysis
and <75 um for thermogravimetric analysis (TGA) and drop tube furnace char

manufacture.

The La Loma and Shotton were milled as received. Galatia had retained a significant
amount of surface moisture, and thus required drying before milling could be carried

out. The drying stage was conducted at 80°C for 24 hours prior to milling. The weight of
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the sample was taken before and after drying to ascertain the moisture loss. The
weight loss of moisture was carried forward for further calculations and included in the
proximate analysis, Section 4.5. The FBA also required oven drying before milling due
to the amount of moisture retention. The mass loss from drying was again calculated
for subsequent proximate calculations, Section 4.5. The PFA and coal PFA were milled

as received.

The olive cake required further milling to achieve size fractions of <75 um, see Section
4.3.3. A Retsch cryo-mill was used to produce the smaller size fractions from the milled

samples from the Retsch PM 300 planetary ball mill.

Betsey a

Figure 4.3 Retsch PM 100 ball mill

The ball mill consists of an electronic program controller, a rotating sample crucible
with stainless steel balls for mechanical breaking of samples. The crucible is made of
stainless steel and has a capacity of 250 mL. There are 15 x 20 mm stainless steel
balls within the crucible. The crucible is locked into place mechanically and an
electronic safety switch ensures the mill cannot operate if the safety catch is not
engaged. The crucible rotates on the sun wheel opposite to the counterbalance weight.
The combination of mechanical action and friction breaks the samples into finer
particles. A sample was placed in the crucible with the 15 steel balls. The crucible, balls
and sample were weighed, and a counterbalance weight was set to hold the equipment

stable. Settings of 300 rpm for 2 minute cycles was selected for grinding the samples.
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Short time cycles were selected to prevent any build-up of heat. Heat at this stage may

cause some devolatilisation.

4.3.2 Retsch AS 200 sieve shaker

The sieve shaker is a vibrating plate on which different mesh size pans were placed,
Figure 4.4. A base pan with no mesh was placed on the base with subsequent
increasing mesh sizes of 75 pym, 152 um and 212 um. A lid was placed on the top to
prevent any losses. The pans were clamped into place at the top. The sieve shaker
was then programmed to run at a cycle of 80 rpm for 3 minutes residence time to

produce homogenous samples at each mesh size.

Figure 4.4 Sieve shaker AS200

4.3.3 Retsch cryo-mill

Due to the less brittle nature of olive cake, compared to coal, finer grade samples were
not possible from the ball mill. For the production of finer samples, a Retsch cryo-mill
was used, where liquid nitrogen was used to cool the chambers, Figure 4.5. Liquid
nitrogen freezes the sample making it more brittle and so easier to break mechanically.

The chambers were made of stainless steel and the balls also of stainless-steel

70



construction. The chambers were filled to two thirds with sample, and stainless-steel

balls were added to mechanically break the sample into finer particles.

The mill was pre-programmed to run through a cooling cycle, followed by a milling
cycle. After the cycle finished, the chamber was removed and allowed to return to
ambient temperature. The sample was placed in a 75 um sieve, and gently moved
around with a brush and passed through the sieve to ensure a homogenous sample of

< 75 pum was produced.

Figure 4.5 Retsch Cryo-mill

4.3.4 Sample drying

All four coals, ashes and olive cake were pre-dried to remove surface and residual
moisture for use in Section 4.4, char production. Sample particle sizes were <75 ym
and 75-152 um. The samples were weighed and spread evenly across the surface of a
plastic tray. The samples were heated in a drying oven for a minimum of 12 hours. The
sample containers were heated in the oven over the same period to ensure no

moisture was present in the sample tubes.

After drying, the samples were weighed again, and the mass loss recorded for future
proximate calculations, Section 4.5. The dried samples were placed in the heated

sample containers and stored in a desiccator for future use. See Chapter 5.
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4.3.5 Blended samples

To produce the blended samples for each phase of experimental work, individual
blended samples were made. The mass of additive to be added was calculated as per

Equation 4.1:

m

(1-=5)

Madad = m Egq4.1

Where:
mgqq=mass of additive to be added (g)

m=mass of coal or olive cake (Q)

x=percentage of additive required

4.3.6 Malvern Mastersizer Hydro 2000E

The Mastersizer 2000E was used for measuring the abundance of the relative surface
areas of the particles under analysis, Figure 4.6. In practice, a measurement of a few
milligrams of sample can be used to make an approximation of the particle size
distribution of many tonnes of material, provided the sample preparation is

homogeneous and representative of the bulk sample.

Figure 4.6 Malvern Mastersizer 2000E
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The main process utilises Beers Law, Equation 4.2, to calculate the concentration of

the particles that are in suspension in a dispersant.
L= b Eq 4.2

I=Intensity of light at distance b in the particle field of absorbance «.

I,= Intensity of light beam entering the sampling chamber.

IL= Relative transmission T of the beam.
0

This equation can be rearranged to calculate the absorbance «, Eq 4.3a:
o= %Ln(T) Eq 4.3a

The term a incorporates information about the attenuation (scattering and absorption)
of the particles under test. The attenuation can be expressed as Equation 4.3b:

a = Qnr’n Eq 4.3b
Q=Efficiency of light extinction (scattering and absorption)
r =particle radius

n =number of particles

The Mastersizer 2000E operates on a red-light source:
Red Light: Class 111a HeNe gas laser

Maximum output power: 4mwW

Beam diameter: 0.63 mm (1/e?)

Beam divergence: 1.5 mrad

Wavelength: 633 nm

The red-light source has a relatively long wavelength, therefore smaller particles may

be passed by the waveform with no disturbance. If no disturbance is felt on the
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waveform, it will be read as no particle present. To compensate for particles that may
be small enough to be missed in the waveform, over 2000 snap shots are taken for

each measurement, with an average snapshot taken every 1 ms.

There are a range of detectors in the optical bench, each detector collects scattered
light from a narrow range of angles. As a single detector only gives one reading from a
narrow angle, all of the detectors take a snapshot and these are added together to
create an average measurement. Ten consecutive readings were taken using the
above method, and an average summation result was taken across the averaged ten

measurements.

The equipment uses Mie theory for calculating the particle sizes (Malvern, 2010). Mie
theory allows for particle sizing of 0.1-1000 um, using the red-light sources in the
Malvern 2000E. Mie theory utilises an assumption the particles are spherical, and the

reflectance and absorption are known for the particles.

The Mie method is more accurate than the Fraunhofer theory for a greater range of
particle sizes dependant on the light source, however is limited for particles that are not
spherical (Malvern, 2010). The Fraunhofer theory can be more adaptable for a range of
different shaped particles, however it can lead to large errors when the refractive index
of the suspension medium and the particles are similar. Mie theory is used to predict
the way light is scattered, absorbed or passes through the particles. The reflectance of
the material under test is required to gain an accurate measurement from the
Mastersizer. Figure 4.7 shows a representation of incident light approaching a particle

and some possible routes the light can take.
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RI Contrast

=
“ RI Contrast

Figure 4.7 Mie theory used for particle size and distribution in the Mastersizer 2000E.
(Malvern, 2010) RI= Reflective index contrast, i.e the difference between absorption
and scattering.

4.3.7 Mastersizer operation

The auto-sampler and system were initially flushed through with de-ionised water. The
water flow was checked to ensure no air bubbles were present. The auto sampler
impeller was set to 960 rpm to ensure continuous sample flow past the optical sensor

without destruction of the sample.

The dry samples was suspended in de-ionised water (from the same source as used to
fill the auto-sampler) and placed in an ultrasonic bath to maintain particle suspension.
The software was set to measure the light scattering disturbance of the de-ionised

water medium.

Once the disturbance of the de-ionised water was complete, the sample solution was
added to the medium slowly. When the obscuration reached between 10-20%, the
concentration of sample to medium was in the optimum conditions for analysis.

Analysis of each sample was carried out within this obscuration level.

Once the analysis was complete, the data was extracted from the bespoke Mastersizer
software as data tables and images of graphs. The data from the Mastersizer is

presented in Chapter 5.
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4.4 Char preparation

Chars were prepared for analysis using 2 different drop tube furnaces (DTF); University
of Leeds, UK (DTF1), Northeastern University, Boston US (DTF2). The chars produced
in the DTF’s were under high heating rate (HHR) chars, with heating rates of 104-10°
K/s. The chars were used for analysis to determine the effects of different heating
regime on the coals with and without both additives (FBA and PFA) and the olive cake
and the olive cake with the coal PFA. Proximate and elemental analysis was carried
out on the chars with data used for nitrogen partitioning calculations, see Section 4.5,

Section 4.6 and Chapter 6.

4.4.1 Drop tube furnace (DTF1), University of Leeds, UK

The DTF1 at the University of Leeds was manufactured by Elite Thermal Systems from

a design commissioned by Dr Leilani Darvell. Figure 4.8.

Cooling £ Sample inlet
Probe_u pipe

Reaction
zone

Mitchell XTP 601

Figure 4.8 DTF1, Elite thermal
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DTF1 consists of a manually fed fuel system into a cylindrical combustion zone. The
combustion tube is an electrically heated alumina tube 1400 mm long, and 65 mm id.
The furnace zone is 1165 mm long, with a reaction zone of 610 mm, with three
independent heaters regulated by PID controllers. Contained in the heated reaction

zone is a 455 mm isothermal zone, Figure 4.9.

At the top of the furnace is a fuel inlet pipe which directly feeds into the furnace reactor
tube. Particles of fuel are fed in through the inlet pipe. Ambient air is drawn in through
the fuel inlet pipe. Pure N: is fed into the reactor chamber via a manifold, whereby the
flow is controlled by a flow meter with a needle valve. The combination of gases are
pulled through the reactor tube by a pump at the bottom of the DTF.
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Figure 4.9 Schematic diagram of DTF 1
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The nitrogen oxygen ratio and percentages are controlled by controlling the amount of
entrained air with a needle valve and monitored with a Mitchell Instruments XTP 601
paramagnetic oxygen analyser, Figure 4.10. A minimum of 300 ml of gas flow is
required through the analyser to maintain accurate control of the O flow. The gas flow
through the analyser is controlled via a manifold and flow meter. The oxygen content
was set between 1-2% + 0.1 to ensure all tars were converted to gas phase, whilst still
retaining the chars of the fuel. The gas analyser was pre-calibrated using laboratory

cylinder gas of 5/95% oxygen/nitrogen.

Figure 4.10 Mitchell Instruments XTP 601 paramagnetic oxygen analyser

The inlet and outlet of DTF1 are water cooled. At the outlet are two catchpots, the
cooled chars collect in the catchpots. There is a sintered filter in the extraction pipe
after the second catch-pot to prevent losses of the chars through the extraction of
effluent gases. DTF1 was used for the production of chars from the coals, coals with
ash additives, the olive cake with and without coal PFA. The DTF was heated to
1100°C at a heating rate of 10°C/min. Once at 1100°C, the fuels were entered

manually at the inlet pipe. Through the reaction zone, the fuels were subject to heating
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rates of 10%-10° K/s. The tars and gases were not collected from the DTF. The data

from the chars produced from DTFL1 is presented in Chapter 6 and Chapter 7.

4.4.2 Calibration and temperature profiles of DTF1

To ascertain the temperature profile of the DTF, a type k thermocouple was inserted in
through the inlet pipe. The gas mixture was maintained as a nitrogen atmosphere with
1% + 0.1 oxygen. Temperature profiles measurements were taken at 15 cm intervals
down the reaction tube. Temperatures were measured via a Picolog every second over
a one-minute time frame. Average values over the minute were reported and captured
in Figure 4.11. The temperature was raised to the operating temperature of 1100°C at
a rate of 10°C/min. 1100°C was used for calibration as this is the operating

temperature for char creation. The thermocouple measured an average of 1062°C +

33°C.
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Temperature (*C)

-— Reaction Zone _
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Figure 4.11 Temperature profile for DTF 1 at 1100°C

4.4.3 DTF 2, Northeastern University, USA

The DTF at Northeastern University was used for char production, devolatilisation and
combustion analysis. DTF2 was connected to gas analysers for the analysis of the

effluent gases during devolatilisation and combustion, see Section 4.4.4.
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The DTF used for the pyrolysis and combustion of the fuels and blends (and re-firing of
the chars obtained from the pyrolysis experiments) consisted of an electrically heated

alumina drop tube manufactured by ATS, Figure 4.12.

. ' ‘ _J "vj 2 )
Figure 4.12 -DTF 2 with Harvard Apparatus constant speed syringe injection and
vibration for fluidisation of the fuel. B-Metered gas supply adjustable for air, N, CO- or
O,. C-bank of gas analysers CO, CO2, Oz, NOx and SO..

The reaction area within the DTF has dimensions of 250 mm long and 35 mm id. A test
tube with sample was fitted to a Harvard Apparatus constant speed syringe pump. A
1.8 mm id capillary tube was connected to the inlet of the DTF, at the top, and
connected to the sample test tube with an airtight bung. When in operation, the sample
tube and capillary tube were vibrated to ensure fluidisation and continuous delivery of
the sample to the reactor tube. The vibration of the sample and capillary tube is
provided by 2 variable 12v, 2000 rpm, 0.5A DC mini vibration motors, Figure 4.13 (Ren

etal., 2017).
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Figure 4.13 Schematic of DTF 2

All samples used in DTF 2 were of size 75-152 um and dried using the method in
Section 4.3.4. Approximately 1.5-2 g of sample was weighed out for each
devolatilisation or combustion run in DTF 2. For the blended fuels (coals with FBA or
PFA), the coals were pre-weighed at 1.5-2 g, 15% w/w of additive was then added, the
blended samples were then mixed until an even colour to the eye was achieved. Each
sample, either with or without additives was then transferred to a pre-weighed test
tube. The weight of the test tube was taken with the contents to confirm the mass of
sample. The samples were delivered into the radiation (reaction) zone in the furnace
via the capillary tube. The furnace was set at 1100°C. Through the reaction zone, the
fuels were subject to heating rates of 10%-10° K/s. The weight of the test tube was again

taken after the fuels were fed through the DTF. The difference between the tube with
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fuel and tube after the procedure, was the mass of sample through the reactor tube in

the DTF.

Gas was delivered to the top of the furnace at a rate of 4 L/min. The gas was divided
before the DTF, 2.5 L/min was fed through the fluidised fuel to entrain it into the DTF
via the capillary tube with the sample. The remaining 1.5 L/min, was delivered direct
into the DTF via a flow straightener into a concentric area. The DTF was water cooled
at the top (fuel and gas input) and at the quenching zone housing the ash or char
collection filter as the base of the DTF. The collection filter was a WV 417 paper filter.
The effluent gases passed through the collection filter and enter into a condenser. The
condenser was immersed in an ice bath. Within the condenser was glass fibre wool.
Any residual moisture and tar from the DTF were collected at this point to prevent them
being taken into the gas analysis equipment. The effluent gases were also cooled at
this stage. The temperature within the DTF was held at 1100°C and monitored by two
type-S thermocouples. The centre line temperature is estimated to be 50°C below the
temperatures read at the thermocouples. Figure 4.14, shows a calibration curve from

work carried out by (Kazanc et al., 2011).
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Figure 4.14 Calibration and thermal profile for DTF 2
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4.4.4 Effluent gas analysis DTF2

Effluent gases from combustion and pyrolysis was captured and recorded using a

range of analysers, Figure 4.12c and Table 4.1:

Table 4.1 Equipment used for effluent gas analysis from DTF2

Gas measured Model Equipment

COzand CO Model 200 California Analytical Instruments

NOx Model TH200H  chemiluminescence analyser, Teledyn
SOz Model TH100H UV analyser, Teledyn

O2 MPA510 Horiba

CO:2 VIA510 Horiba

(6{0) VIA510 Horiba

To ensure consistency of analysis and consistency in readings, CO and CO; were
analysed with the California Analytical Instrument and the two separate Horiba
instruments. Data was recorded using the above instruments and fed to a PC via a PCI

6221 data card. Data was extracted from Labview and is presented in Chapter 6.

4.4.5 Particle residence time within DTF1 and DTF2

The residence time for a particle within the DTF was calculated using fluid flow through
a straight pipe, as the furnace reaction zone is a cylindrical alumina tube. An
assumption was made, that the size of the particles were such that they maintain the

same velocity as the gas travelling through the tube.

The velocity of flow through the DTF was calculated using Equations 4.4 to 4.8.

Qa
v = Eq 4.4
60m(d)? .

Equation 4.5 was used to calculate the gas flow rate through the pipe at ambient
temperature. This is to be converted to the furnace temperature to allow for heating of

the gases and samples

_ Tsample(l()
V(roc) = V(amb) X (m Eq 4.5
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The gas residence time in the furnace can now be calculated using the length of the

furnace tube.

t =t Eq 4.6

Vgas

The gas residence time needs to be calculated at the centre line velocity. The centre
line velocity is twice the mean velocity, due to sheer stresses of the gas on the tube

walls (Reynolds, 1901).

l
U(Cl) = — Eq 4.7

(Vgas*x2)

The fuel flow rates through the DTF can be calculated by using the mean gas velocity,

delivery time and mass of fuel.

m(fuel)

flOW rate = time(min)

Eq 4.8

This was used to indicate the fluidisation of the fuel and the amount of time the fuel
took to pass through the combustion zone in the DTF. The mean gas velocity was used
as the velocity of fuel flow through the combustion zone; therefore the assumption was
made that all fuel transited through the combustion zone at the average centre line

velocity.

The same calculation process was applied to both DTF1 and DTF2. Data on residence

time and flow rates is utilised in Chapters 6 and 7.

4.5 Proximate analysis

Proximate analysis was carried out to establish the moisture, volatile, fixed carbon and
ash contents of the fuels and additives. All samples were carried out in duplicate and in
accordance with the following standards for the coals: moisture, ISO 11722 BS 1016-
104.1:1999; volatiles, ISO 562 BS 1016-104.3:1998; ash, ISO 1171:1997 BS 1016-

104.4:1998.
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The ash additives were analysed using the above standards. Loss on ignition (LOI)

analysis was also carried out on the ash samples using D7348-08.

The proximate analysis for the olive cake was carried out in accordance with. BS EN
14774-3:2009 for the moisture, BS EN 14775:2009 for ash and BS EN 15148:2009 for
the volatiles. Average values are reported with associated estimated errors. All of the
proximate data, moisture, volatile, fixed carbon ash and loss on ignition is presented in

Chapter 5.

4.5.1 Moisture content of coals and additives

Size fractions as stated in Section 4.3, were used for moisture analysis for all of the
samples. A number of glass crucibles and lids were pre-dried in an oven at 105°C until
a constant weight was achieved. The crucibles were then removed from the oven,
allowed to cool to room temperature, in a desiccator until ready to use. Once the
crucibles and lids were cool, approximately 1 g of each of the coals and each of the
additives was weighed and placed in individual crucibles. This procedure was carried
out in duplicate. The samples were dried for 60 minutes in an N, atmosphere in a

Carbolite MFS oven, Figure 4.15.

Figure 4.15 Carbolite MFS oven

The samples were then removed and the lid replaced on the crucibles and allowed to
cool to 30 °C above ambient. The crucibles complete with lid and sample were then

placed in a desiccator. Once at room temperature the crucibles were weighed. The
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samples were put back in the oven for a further 30 minutes to ensure no change in

weight was observed.

wy = =28 %100 Eq 4.9

my—my
Where:
m; = the mass of empty dish and cover
m, = the mass of dish plus lid and the coal before drying
ms = the mass of dish plus lid and the coal after drying
All of the masses are in grams.

The olive cake moisture content was carried out using the same procedure.

4 5.2 Volatile content of the coals and additives

The samples were milled to the size fractions as at Section 4.3, sample preparation. A

Carbolite VMF (+PID/CHIM) furnace was heated to 900°C (£5), Figure 4.16.

Figure 4.16 Carbolite VMF 11.18 Furnace Oven
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Silica crucibles with lids fitted were placed in the oven for 7 minutes. These were then
removed and allowed to return to ambient temperature. The crucibles and lids were
then weighed. Approximately 1 gram of sample was placed in each crucible and the lid
put back on. The crucibles were put into the furnace at 900°C (£5) for 7 minutes (5 s).
It was established that the temperature returned to a stable 900°C after the cold
samples were introduced into the oven. If this was not achieved the samples was to be

rejected.

After devolatilisation, the samples were removed from the furnace and allowed to cool
to room temperature, and then weighed. The mean of duplicates was recorded. The

volatile content was calculated using Equation 4.10.

_ 100(m2—m3)

14 M Eq 4.10

ma—my

Where:

m, =the mass of empty crucible and lid

m, = the mass of crucible plus lid and the sample before heating

my = the mass of crucible plus lid and the sample after heating

M = the moisture content as a percentage of mass see section (moisture content)
All masses are in grams.

The volatile content for the Olive cake was carried out using the same procedure.

4 5.3 Ash content of the coals and additives

Samples were prepared as shown in Section 4.3. The porcelain dishes and lids were

dried in a preheated Carbolite AAF (+PID/CHIM), Figure 4.17, furnace to 815°C (x10).

The dishes were allowed to cool to room temperature in a desiccator, then weighed.

Approximately 1 g of sample was weighed and added to each dish. The dishes with
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samples were placed in the oven at room temperature. The furnace was then raised at
10°C/minute up to 500°C and held at this temperature for 30 minutes. A further heating
cycle at 10 °C/min up to 815°C was set. The samples were held at to 815°C for 60
minutes. The samples were removed from the furnace and allowed to cool for 10
minutes, then transferred to a desiccator to return to room temperature. When at room
temperature, the crucibles complete with samples were weighed. If any signs of carbon
was observed, the samples was placed back in the furnace for a further 15 minutes. If
any doubt that complete combustion had taken place the samples were reintroduced
into the oven for a further 15 minutes, until a change in weight of no more than 1 mg

was observed. All samples were carried out in duplicate and a mean value recorded.

A=""1%0100 Eq4.11

my—my
Where:
my = mass of empty crucible and lid
m, = mass of crucible plus lid and the sample before heating
my = mass of crucible plus lid and the sample after heating

All masses are in grams

Figure 4.17 Carbolite AAF 11.18 Furnace Oven
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4.5.4 Ash content of the olive cake

The sample size was prepared as shown in Section 4.3, sample preparation. Ash
content was carried out in a Carbolite VMF (+PID/CHIM) furnace at 550°C (+10),
Figure 4.17. Porcelain dishes were pre-dried in an oven at 105°C until a constant mass
was achieved. These were then stored in a desiccator until required. Approximately 1 g
of samples was added to each porcelain dish. The dishes with sample were then
placed in an oven at room temperature and heated to 250°C at a rate of 7°C/min. The
oven was then held at 250°C for 1 hour to ensure the volatile content was expelled
from the samples. The oven was then raised to 550°C at a heating rate of 10°C/min.
The oven was maintained at 550°C for a further 2 hours. Once completed the dishes
with samples were removed and allowed to return to room temperature in a desiccator.
Once at room temperature the samples were weighed. If any carbon was suspected
the dishes and samples were returned to the oven for a further 15 minutes. All sample

analyses were carried out in duplicate and the mean recorded.

100
100—M)

A= (ﬁ) X 100 X ( Eq4.12
Where,

ml = mass of the empty dish (g)

m2 = mass of the dish and test portion (g)

m3 = mass of the dish and ash (g)

M= moisture content, as a percentage of mass, in the sample being analysed

4.5.5 Loss on ignition

LOI was carried out on samples prepared as in Section 4.3. The oven used for LOI was
the same as described in Sections 4.5.3. Duplicate samples were weighed to 1 g.
Moisture analysis was carried out on the samples, see section 4.5.1. The samples

were loaded into ceramic crucibles. A two-step method was used for the analysis in
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accordance with ASTM D7348-08. Where the samples were heated from ambient

temperature up to 500°C at a heating rate of 7.5°C/min. The furnace was held at 500°C

for 1 hour. The furnace was heated for the second step up to 750°C at a heating rate of

5°C/min. The temperature was held isothermally for 2 hours. The samples were

removed from the furnace and allowed to cool to ambient temperature in a desiccator.

The samples in their crucibles were weighed. The samples were then returned to the

oven for a further hour at 750°C. The weighing process was repeated. If a loss in

weight was recorded, the process of a further hour of heating at 950°C was repeated

until no further loss of weight was recorded.

M= [(55)] x 100

A=(%)><100

To calculate the LOI:

LOI = (

W-C-D
w

) X 100

Where:

A= percentage of ash

C= mass of sample after drying for moisture
D= mass of ash after heating for LOI

LOI= percentage mass lost through test

M= percentage of moisture

W= Mass of test sample

All masses are in grams
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4.6 Elemental analysis for the coals and ash additives

Elemental analysis was carried out to calculate the carbon, hydrogen, nitrogen, sulphur
and oxygen content of the fuels, ash additives and chars. The CHNS analyses of the
coals, ashes and coal chars were conducted using an EA1112 Flash Analyser, Figure
4.18 and in accordance with BS 1ISO 29541:2010. The furnace tube was cleaned, a
clean wad of quartz wool was inserted in the bottom of the reactor tube and the flash
analyser was gas leak tested in accordance with standard operating procedures. The
furnace was then heated to 900°C. Calibration standards were prepared in tin
capsules. The tin capsules were pre-weighed, then approximately 2.5 mg of each
standard was prepared from the following: 2, 5-Bis (5-tert-butyl-benzozazol-2-yl)
thiophene (B-BOT), atropine, methionine, cysteine and sulphanilamide. An empty tin
capsule was also prepared. Between 2.5-3 mg of sample was prepared for each
sample and placed in pre-weighed tin capsules. Vanadium pentoxide (V.Os) was
added to all of the fuels under test and to the B-BOT. As these fuels contain relatively
high levels of carbon, the V.Os provided extra oxygen to ensure complete carbon
conversion to CO,. Once the samples were prepared, the capsules were folded closed
to remove the air and prevent loss of sample. The data from the elemental analysis is

presented in Chapter 5.

Figure 4.18 EA 1112 Elemental analyser
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When each sequence of samples was prepared, the standards and sample information
was entered into the software. The standards and samples were loaded into the auto-
sampler. The blank capsule was loaded first, then the standards, followed by the
samples. After each ten samples, a calibration standard was prepared and inserted in

the sequence. At the end of the sequence a calibration standard was included.

Sequentially the standards and samples were fed into the reactor tube. Combustion
took place in an excess of Oz, with CO, and CO produced from the fuel carbon, H.O
from the hydrogen, N> and NOx from the fuel nitrogen and SO, and SOs from the
sulphur. The products of the combustion process were removed from the reactor with a
helium carrier. The evolved gases were fed across copper in a reduction tube, which
removes any excess oxygen by converting the copper to copper oxide. During the
reduction phase (at 650°C), any NOx was reduced to N, and the SOs is converted to
SO.. The gases were then passed over copper oxide, where the CO was converted to
CO.. The mixed gases were then analysed in a gas chromatographer (GC) and
separated out at different rates for each gas type. Upon leaving the GC, the gases
passed over a thermal conductivity detector, where they were detected in the order of
N2, CO2, H,0 and SO,. The output from the elemental analyser are presented as a

percentage and on an as received bases. The oxygen can be calculated by difference.

4.6.1 Elemental analysis of the olive cake

For the ultimate analysis of the olive cake, BS EN 15104:2011 was followed. The

preparation of the samples and standards was the same as for the coals and additives.

4.6.2 Prediction of high heating value (HHV)

The HHV of the individual samples was calculated from the composition of each fuel
based on its elemental and proximate analysis. For coal, Equation 4.16 (ASTM, 2012)

and for biomass Equation 4.17 (Friedl et al., 2005), the HHV can be calculated on an
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as received (ar), dry basis (db) or dry ash free (daf). The DuLong method is calculated
from a db only (Eq 4.18) (Nizhou, 2014). With all methods, ar, db, daf can be calculated

through extrapolation.
The HHV(ar) for coal can be calculated in MJ’s using a formula from Milne et al:
HHV (M]) = 0.341C + 1.322H-0.12x O - 0.12N + 0.06865S — 0.0153Ash Eq 4.16
Biomass HHV (ar) can be calculated in kd’s using an equation from Friedl et al:
HHV (k]) = 3.55C? —232C — 2230H +51.2C x H + 131N + 20600 Eq 4.17

The ash additives FBA, PFA and coal PFA, HHV (db) can be calculated in kJ’s using
an equation from DuLong:
HHV kj(db) = 333xC(db) + 1442(H(db) — 0(db) / 8) + 93xS(db) Eq 4.18

All of the calculations of HHV are presented in Chapter 5 and utilised in Chapters 6 and

7.

4.7 EA 5000 Low N analyser

To carry out analysis of the nitrogen content of the fuels an alternate method of testing
was trialled. The data from this analysis was used to compare against the nitrogen

partitioning method, Chapter 6.

An Analytika Jena EA 5000 Elemental Analyser (Low N) was used for nitrogen content
analysis, Figure 4.19. The Low N analyser carried out complete combustion of a fuel to
analyse the nitrogen content. The process was carried out over two separate stages:

devolatilisation and combustion.
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Figure 4.19 Analytika Jena EA 5000 elemental analyser

As the data was produced over devolatilisation and combustion, the N split between
volatile-N and char-N can be determined. During devolatilisation and combustion, the
nitrogen (and other gases) were given off from the samples. The gases were passed
through a dryer to remove any moisture. The gases were then passed through each
gas type analyser. For this work, only the chemiluminescent NOx (nitrogen analysis)

was used. All effluent gases were then removed through an extraction system.

All samples used in the Low N were of <75 um. Sample masses of between 2-3 mg
was weighed for each coal, coals with ash additives, chars and chars with additives.
The samples were weighed on Metzler Toledo scales XPR with accuracy of 0.001 mg.
All of the samples were of high carbon content; therefore a test standard was required
to confirm correct operation of the analyser. Olive stone was selected as the standard
due to the high carbon content. The olive stone standard was analysed first, to ensure
there was no drift in the nitrogen analyser. Each sample was loaded into a clean silica
boat and sequentially loaded into the solids auto-sampler. The data for all of the
samples was entered into the bespoke software. The Low N was set to the operating
temperature of 1050°C. The gases selected for devolatilisation and then combustion
were argon and oxygen respectively. Argon was selected as it is an inert gas for
devolatilisation. The oxygen was used to ensure complete combustion at 1050°C. The
temperature was maintained at 1050°C throughout the analysis. A sample was loaded

into an external sealed chamber. The combustion chamber was purged with argon gas,
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and the sample then loaded into the combustion chamber. The sample was heated in
argon to carry out complete pyrolysis. After the flame sensors detect no more NOx
given off from the sample, the gas selection in the sample chamber was changed to
oxygen. Once oxygen was selected, complete combustion took place of the remaining
char. The analysis process was repeated for the gases given off. When no more
combustion product gases were detected, the sample has completed combustion, the

silica boat containing the residue ash was removed from the furnace.

Data is taken from the software in the form of a pdf printout and an excel spreadsheet,

see Figure 4.20.
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Figure 4.20 Example of a pdf printout from the software for the Low N analyser

4.8 Thermogravimetric analyser (TGA)

A TA Q5000 IR was used for TGA analysis, see Figure 4.21. The TGA was used for
two main areas of analysis, isothermal oxidation kinetics and ballistic heating analysis.
The TGA could also be used for producing small amounts of char for comparative
analysis against other chars produced from alternate methods, see Sections 4.4, DTF1
and DTF2. The TGA was programmed to operate from two gas sources, nitrogen and
air, and was programmed via the TA Instruments software for a variety of heating

regimes. Four IR halogen lamps were used to facilitate precise controlled heating. Data
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analysis was taken from the software and converted into a text document and an excel

format.

To carry out any analysis the following processes are extant: the high temperature
platinum pans are cleaned with a brush to remove any residual from previous work, the
pans are further cleaned in a Bunsen burner to ensure all residue is removed, the pans
are tarred on the equipment. Nitrogen is used for devolatilisation and air for

combustion. All samples were oven dried as per Section 4.3.4 before analysis.

Figure 4.21 Thermogravimetric Analyser TA Q5000 (IR)

4.8.1 Kinetic evaluation

For kinetic evaluation, the TGA was programmed for the same devolatilisation run for
all fuels and fuel with additive blends. A sample was selected from the auto-sampler.
Gas 1 (N2) was selected with a flow rate of 100 mL/min, which was used as an
atmosphere within the furnace to prevent contamination of the balance. This flow rate
was held isothermally at 50°C for 5 min. The balance flow rate was reduced to 20 mL
min™ and held isothermally for a further 5 min. The temperature was then raised at a

rate of 10°C/min up to 105°C. The temperature was held at 105°C for 20 minutes to
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remove any latent moisture left in the fuel. The temperature was then raised to 1000°C
with a heating rate of 10°C/min. The temperature was held isothermally for 30 min,
then returned to ambient temperature. The calculation for kinetic evaluation assumes

first order kinetics was carried out using Equation 4.19-Equation 4.21.

_ -1 aw

k=X Eq 4.19
Where:
k= Reactivity at time t
W= Weight of combustible material at time t (% wt g)
'fi—vl/: slope of the tangent of the curve at time t (5 wt g/s)
k= Ae" Eq 4.20
Ink = InA — =2 Eq 4.21

RT

Where:

k = reaction rate constant (cm3/mol/s)
e = exponential function

A = pre-exponential factor (cm?/s)

Ea = activation energy (kJ/mol)

R = Universal Gas constant (J/mol K)
T = temperature (Kelvin)

In = natural logarithm

Using the assumption that the reactivity is 1% order, an Arrhenius plot can be
constructed, from the data as the weight loss can be taken from multiple points on the

weight loss time curve to calculate the kinetics. Data for the kinetic analysis is
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presented in Chapter 5. Figure 4.22 shows a mass loss curve for a coal under low

heating rate conditions.
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Figure 4.22 TGA mass loss profile for a coal.

4.8.2 Ballistic heating

Ballistic heating can be used as a comparative method for high heating rate volatile
yield and high heating rate char production. Samples were loaded from the auto-
sampler into the furnace. Gas 1 (N2) was selected with a flow rate of 100 mL/min,
which was used to prevent contamination of the balance. This flow rate was held
isothermally at 50°C for 5 min. The balance flow rate was reduced to 50 mL/min and
held isothermally for a further 5 min. Temperature was increased to 1000°C, using step
function. The step function allowed the furnace to heat up to 1000°C taking ~30 s
producing a heating rate of 33°C/sec. Figure 4.23 shows an output from ballistic

heating. The data from the ballistic heating is presented in Chapter 6.
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Figure 4.23 TGA plot showing ballistic heating of a sample in the TA Q5000 IR.

4.9 Scanning electron microscope (SEM)

Prior to SEM imaging, a small amount of the fuels and chars (~2mg) were each coated
on an adhesive sticker on an aluminium stub. The samples were then spluttered with a
gold coating to create a conductive layer across the sample to prevent charging during
analysis. A non-conductive surface can build up a static negative charge which
interferes during imaging. A Carl Zeiss EVO MA15 SEM was used for the analysis,
Figure 4.24. Images of varying magnification were then acquired with an incident
electron beam of 20 kV across different segments of the stubs using either secondary
electrons or backscattered electrons (described below) to acquire images. During SEM
analysis, a beam of electrons was focussed on to the sample within the chamber
induced from an electron gun (cathode). The electrons were finely focussed on to the
sample using an anode and series of electromagnetic condenser lenses. The electrons
then scanned the sample (left to right and up and down) depending on the degree of
magnification selected i.e. greater magnification = smaller scanning area. There were
two modes of obtaining an image; secondary electrons (SE) or back-scattered
electrons (BSE) were released. In the case of the former, when the electron beam hit

the sample, the sample absorbed the electrons and gave off its own electrons. The
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emitted electrons were attracted to a positively charged faraday cage and then sensed
at the detector. The detector then used the information from these electrons to create
an image of the sample on a computer monitor. In the case of back-scattered electron
imaging, the electrons from the beam hit the sample and were reflected back out of the
sample on to a detector attached to the pole piece (above the sample). Back scattered
electrons penetrate deeper than secondary electrons. Images from the SEM is

presented in Chapters 5 and 7.

Figure 4.24 Carl Zeiss EVO MA15 SEM

4.10 lon mobility

lon mobility was carried out to ascertain if the alkali and alkaline earth metals in the
additives are able to become mobile in solution. If mobile in solution, then this could be
representative of the mobility during devolatilisation and combustion. The ash
additives, 5 g of each of FBA, PFA and coal PFA were individually placed in separate
conical flasks in 200 ml de-ionised water. A magnetic stirrer was introduced into the
solution. The conical flask was placed on a heated magnetic hotplate. The hotplate was
set to maintain 100°C with a stir rate of 300 rpm. This was maintained for 1 hr. After the
hour, the solution was left to cool and then decanted into a further conical flask through
a filter paper to capture the ash solids. This filtered solution was made back up to 200
ml using de-ionised water from the same source. The solids were returned to the first

conical flask and 200 ml of de-ionised water was again added, and the cycle repeated.
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This process was repeated to gain four consecutive solution samples for each ash

type.

The solution samples were analysed via ion chromatography (IC) in a Metrohm 850
Professional IC with an 858 sample processor. The IC column used was a Metrosep
C4-100/4.0, with a sample loop of 10 pL. The eluent used was 1.7 mmol HNO; and
0.117 g/L of 2, 6-pyridinedicarboxylic acid. Analysis was extracted using MagIC net 3.1

software. Data from ion mobility is presented in Chapter 5.

4.11 X-ray photoelectron spectroscopy (XPS)

XPS is a method of carrying out an analysis of a sample to ascertain the functional
groups of elements contained within. The system operates on the photoelectric field
effect. The core electrons of an atom have a specific binding energy. When a beam of
photons are fired at an atom, and a photon strikes an electrons, the electron is
energised and reaches an excited energy state. If it escapes the atom, it is referred to
as the photoelectron. The photoelectron will have a specific amount of kinetic energy
dependent on the element, see Figure 4.25. Equations 4.22 and 4.23 show the energy

calculations for the XPS photoelectron emission.
hv = Eb + Ek +¢ Eq 4.22
Eb = hv — Ek — ¢ Eq 4.23

Where:

hv =X-ray photon energy = Ka

Eb=photoelectron energy

Ek =kinetic energy of photoelectron, measured by the energy analyser

¢ =work function induced by the analyser, about 4~5 eV.

All energy units in this calculation are eV.
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Figure 4.25. Representation of a photon stricking an electron in the 2p shell of an atom,
and the photoelectron released as kinetic energy (Smart, 2016)
XPS is a surface scan technique of ~10 nm thickness, therefore there is an assumption

made that the surface is representative of the whole sample.

All of the samples for analysis were pre-dried, see Section 4.3.4 sample dying. The
samples were mounted onto carbon tape, and then mounted onto metal plates into the
Thermo Escalab 250 XPS. The XPS is fitted with a mono-chromated aluminium K-
alpha X-ray source, which emits photon energy of hv =1486.6eV. The XPS analysis
operates within a vacuum, the chamber was purged for 2 hours to ensure any surface

and atmospheric moisture was removed from the chamber.

Analysis was conducted for a variety of elements; however the focus was on the
functional groups of nitrogen N 1s (electron configuration) with binding energies
between 398-405 eV, see Table 4.2. Figure 4.26 shows the configuration of quaternary

nitrogen and refers to Table 4.2.
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Table 4.2 Binding energies of nitrogen species. (Wang et al 2012)

Binding energy eV Nitrogen Species Reference
398 +0.3 Pyridinic N-6
400.2+0.3 Pyrrolic or pyridine and nitroso complex? N-5
403.1+ 0.3 Pyridinic N-Oxides N-X
399.2, 401.4+0.3 Quaternary® N-Q

>405 Nitro type complexes -NO«x

a. Pyridine and nitroso complexes when combined equal the same energy values
as Pyrrolic nitrogen

b. Binding energies for quaternary nitrogen A=399.2 eV, B and C=401.4+0.3eV,
Figure 4.26.

Figure 4.26 The structure or quaternary nitrogen found in coals and their
respective chars (Garcia, 1995)

The spot size for the x-ray beam was 500 ym with a power of 150 W. Using 20 eV with
step intervals of 0.1 eV, a detailed spectra of each individual peak was taken. To
compensate for drift in the spectra, the carbon 1s peak was set to 285eV, see Figure
4.27. Carbon was used for drift correction as it is the most abundant element in the
samples. Using CASAXPS software and a de-convoluted Gaussian-Lorentzian fit, the
detailed spectra was plotted against a Shirley or linear background. Details of the XPS

analysis is shown in Chapters 5 and 7.
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Figure 4.27 Binding energy analysis from an ESCALAB XPS with the N1s region
highlighted and the carbon at 285 eV utilised to compensate for time drift.

4.12 Simultaneous thermal analysis-mass spectroscopy (STA-MS)

The STA-MS was used for measuring the reactivity of the chars for the coals and olive
cake, with and without additives. The nitrogen species evolution from the char was also

measured from the MS.

4.12.1 STA

A Netsch STA 499/QMS403, Figure 4.28, was used to measure char reactivity for the
four coal chars with and without additives. The process for calculating the reactivity
kinetics was the same as shown in Section 4.8.1, however the measurements were

carried out in He and O,, Section 4.12.3.
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Figure 4.28 Netsch STA 499/QMS403

4.12.2 Quadupole MS

The MS element is used to find the mass percentage of a range of emissions given off
from the chars during combustion. The emissions that can be calculated from the MS
are CO, COz, NO, HCN and C2N. An Aeolos Quadupole is used for the MS data
gathering of the gas analysis. Through the use of variable DC and AC voltages through
the quadupole, the transition of ions on a mass basis can be controlled for collection at
the detector. The gases analysed have different masses, “m/z 14 (N2?>+ and CO,+), m/z
27 (HCN-+tail end of m/z 28 signal), m/z 28 (predominantly *2C**0), m/z 30 (NO
+12C*®0), m/z 43 (HCNO+ tail end of m/z 44 signal), m/z 44 (predominantly *2C*°0,),
m/z 46 (NO,+*C**0*®0), and m/z 52 (C2N,)” (Jones et al., 2012). Pure graphite was
initially tested as a known standard. From the data collected from the pure graphite
analysis, corrections were made to allow for the contributions of C'2 and O*® and

corrections to the tail of m/z44, from 2C!%Q8Q.

4.12.3 Procedure for STA-MS

Duplicate samples of ~5 mg of pure graphite was initially loaded into a crucible for

analysis. The product of pure graphite is CO and CO., which were used for correction
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factors and reference (Darvell LI, 2010; Jones J.M., 1995). The chamber was purged
with He gas. Gas levels of 50% He and 30% O2 was then selected. The input gases
realised a 12.5% O- value in the combustion chamber. A heating rate of 10 K/min up to
1200°C (1473 K) and held isothermally. The process was repeated for the coal chars
with and without ash additives to ascertain the nitrogen evolution from the chars. The

results are presented in Chapter 6.

4.13 Chapter summary

To establish the effects of blending biomass ash with coal on the NOx emissions during
combustion, a range of low heating rate and high heating rate techniques were

employed.

Low heating rate analysis included: elemental and proximate analysis was carried out
on the coals, biomass ashes, olive cake and coal ash. A range of physical
characteristics were employed to establish morphology changes to the coal during
analysis. Particle size distribution was established for all of the fuels and ashes and
SEM microscopy was used to find any physical changes to the coal during pyrolysis,
the use of TGA was employed to give small scale representation of a furnace under
controlled conditions. From the TGA, mass loss profiles and apparent first order DTG
analysis for reaction rates was carried out. Nitrogen functional groups of the coals and
chars with and without additives were established using XPS analysis. An analyses of

the ashes was carried out to establish the mobility of the cations, K, Na, Ca and Mg.

High heating rate analysis: The TGA was used for ballistic heating of the samples to
evaluate any changes to the characteristics under high heating rate conditions. A drop
tube furnaces were utilised for the production of chars for further analysis and
differential calculations and a second drop tube was used to establish gas emissions
from the coal with and without additives. The chars were further analysed using

elemental analysis and the use of STA-MS to find the nitrogen species evolution. A
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comparative method of nitrogen release from the fuels was carried out using a nitrogen

elemental analyser (Low N).
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Chapter 5 Fuel characterisation
5.1 Introduction

Through this chapter, the analysis of the coals with and without additives is presented.
This will encompass the data from the fuels analyses, including proximate and
elemental analyses, reaction kinetics, particle size distribution, XPS nitrogen functional
group analysis and SEM images. To understand the potential effects of the two
biomass ash additives on the thermal behaviour of the coals, the chemical and physical
structures are required for the coals and for the ash additives. The elemental
composition of the coals and the ashes is important to understanding: the
devolatilisation and char formation during devolatilisation and combustion and the

potential reaction pathways for fuel nitrogen evolution.

5.2 Fuel properties

Analysis of the coals and additives was carried out using the methods in Chapter 4.5.
The results of the elemental and proximate analysis of the fuels is presented in Table

5.1.

Table 5.1 Elemental and proximate analysis of the fuel and additives

Ffos-y-fran Shotton Laloma Galatia FBA PFA
ca 81.9+2.2 86.5+3.7 73.2+2.7 77.3t1.4 93.9+0.23  36.5+0.2
Ha 3.2¢0.2 45+0.1 5.3+0.3 5.0+0.06 4.740.06 0.6+0.15
N2 1.0+0.02 1.940.1 1.5+0.04 1.9+0.02 0.3+0.01 0.2+0.01
Sa 0.840.2 1.1+0.01 0.6+0.1 1.240.17 0.0¢0 0.8+0.04
Oad 13.1+2.2 6.0+£1.2 19.4+2.3 14.6+1.4 1.0+0.3 61.9+0.14
Volb 8.1+0.14 32.3+t0.4 38.8+0.1 40.0+0.12 25.7+1.0 2.9+0.5
FC2 87.6+0.77 57.9+0.6 49.1+0.3 49.7+1.6 16.3+1.4 9.4+2.0
Ashp 4.3+0.36 9.840.1 12.1+0.1 10.3+0.5 58.0+ 87.7+1.18
LOI B B B T 414426 12.3+1.2
Me 3.9+0.27 7.4+0.2 5.4+0.3 12.4+0.9 2.4+1.2 0.4+0.3
FR 10.8 1.8 1.3 1.2 0.6 3.3
HHVbe 28.04 31.08 25.79 27.72 15.14 -

a=daf, b=db, c=as received, d=by difference, e=coal HHV-Milne, ash HHV-DulLong.
HHV shown as MJ/kg db
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The carbon, nitrogen and volatile contents are of particular importance. The carbon
content of the ash additives is of interest, as carbon compounds that has been through
combustion can have large surface areas. Larger surface areas can act as a reactive
substrate for other reactions such as the reduction of NO and NO: to N>. (lllan-Gomez
et al., 1995a; lllan-Gomez et al., 1995b; lllan-Gomez et al., 1993). NO and NO- can
form from the nitrogen and oxygen from either the fuel or from combustion air, Chapter
3.4.1to 3.4.5. The volatile content can be used as a metric for the partitioning of
nitrogen between devolatilisation and retention in char, as nitrogen devolatilisation

tends to follow mass volatile release.

5.3 Ash analysis

The ashes of the three bituminous coals and the two ash additives were analysed for
their oxide contents. The results of the analysis are shown in Table 5.2. The coal ash
analysis shows high proportions of SiO,, Al,Os; and Fe;0s3, as expected for coal

samples.

Table 5.2 Ash analysis of coal and additives
Wt% db Shotton Laloma Galatia FBA PFA

SiO2 46.7 57.3 51.0 52.8 47.4
Al203 28.0 22.3 19.2 174 181
TiO2 1.0 1.1 10 07 08
Fe20s 13.4 7.9 16.6 82 5.8
CaO 6.5 3.1 39 98 117
MgO 2.0 1.9 09 28 33
Naz0 0.4 3.4 09 12 1.3
K20 1.9 1.8 24 35 59
Mn3O4 0.0 0.0 00 04 05
P20s 0.0 0.3 01 09 1.2
SOs 0.0 2.6 38 03 07

The biomass ashes also exhibit high levels of the oxides of Si, Al and Fe. This was not
anticipated for wood biomass ashes. The biomass may have been grown on brown
field sites, leading to uptake of heavier elements or the biomass ash was exposed to

coal ashes. (Gudka, 2015; Bogush et al., 2018) The second option was the most viable
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for these samples. Despite the potential contamination with coal ash, the two biomass
ashes still present relatively high levels of the reactive compounds expected, i.e CaO,

K20, MgO and Naz0.

The elemental abundance of the four Group 1 and 2 elements and the Fe are shown in
Table 5.3. The three bituminous coals show a small mass of each of these elements.
The two ashes have relatively high proportions compared to the coals. Of particular
importance is the Ca and the K, which in homogenous vapour form have been shown
to have potential catalytic effects on the reduction of NO to N.. (Hernandez, 2005).
Zhong et al, has suggested that during heterogeneous reactions in bituminous coals,
Ca0, CaS and calcined limestone may act as catalysts for the reduction on NO to Na.
(Zhong et al., 2001). Coals impregnated with potassium have also been shown to be
promising in SCR systems for NO reduction. (Chen and Gathitu, 2011; lllan-Gomez et
al., 1995b; lllan-Gémez et al., 1998). However, K,O has been shown to act as a poison
for SCR, whereby particles of K>O, which are <5pum can become ingrained on the
surface of the catalyst and reduce the effectiveness of the reaction zones (Baxter,
2005; Benson et al., 2005; Larsson et al., 2006). Coal chars impregnated with KOH
have also shown a reducing effect on NO emissions, potentially through the reduction
of activation energy affecting the NO reaction on the surface of the chars. (Zhong et al.,
2001) Recent research of co-firing coals with biomass has indicated a reduction in NOx
may be due to elevated levels of alkali and alkaline earth metals. (Rokni et al., 2018)
The Fe;03; has been shown to be a potential catalyst for affecting the formation and
reduction of NO to N2 during heterogeneous combustion when combined with an SCR
system. (Daood et al., 2017). Steer et al, has suggested that particle size of the fuels
alone is not the only characteristic that affects burnout. Chemical composition and
mineral deposition on the surface of ground particles may also be instrumental in the

burnout rates of coal. (Steer, 2015).
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Table 5.3 Elemental analysis of the coals and ashes (%)

Shotton Laloma Galatia FBA PFA
Ca 0.45 0.27 0.29 4.06 7.33
Mg 0.12 0.14 0.06 0.97 1.74
K 0.15 0.18 0.21 1.68 4.29
Na 0.03 0.31 0.07 0.52 0.85
Fe 0.92 0.67 1.20 3.33 3.56

5.4 Ash additive ion mobility

The mobility of the cations is instrumental to the effectiveness of them acting as
catalysts for the conversion of NO to elemental nitrogen during coal combustion. To
ascertain their mobility, the ashes were dispersed in de-ionised water as described in

Chapter 4.10. Table 5.4 and 5.5 show the results of successive washes of the ashes.

The mobility in water is an indication of the potential mobility during the heating process
(Shannon and Fine, 1974). The ash additives have been through a combustion process
in a large-scale furnace. Oxides are the expected products from the mineral matter
when the combustion takes place in air, however other compounds and salts may be

present in the ash e.g. CaCl,, KCI, which are soluble in water.

Table 5.4 WW PFA ion mobility as a % of ions in ash
Wash1 Wash 2 Wash 3 Wash 4 Total %

Sodium 14.60 9.79 5.60 5.61 35.60
Calcium 10.15 10.64 10.12 8.96 39.87
Potassium 15.25 2.59 1.31 1.46 20.61
Magnesium 1.80 1.69 0.56 1.01 5.06

Table 5.5 WW FBA ion mobility as a % of ions in ash

Wash1l Wash?2 Wash 3 Wash 4 Total %
Sodium 7.19 6.13 5.35 4.71 23.37
Calcium 13.40 14.79 10.93 10.82 49.94
Potassium 3.17 2.87 1.97 1.85 9.87
Magnesium 4.12 2.71 2.90 211 11.84

From Table 5.4 for the PFA, it can be seen all four of the elements of interest are
mobile in the successive washes. The calcium and potassium ions are of particular
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interest. The potassium becomes highly mobile during the first wash of the sample.
Successive washes show a significant reduction. The calcium shows high levels of
mobility across all four of the washes for both PFA and FBA. Calcium in its oxide and
chloride state are soluble in water, which is shown across the repeated washes of the
samples. The magnesium shows some mobility in the water, but to a lesser extent than

the sodium, calcium or potassium in the PFA.

The ion mobility from the FBA in Table 5.5 shows the calcium is again highly mobile
across all four of the washes. The potassium ions also show mobility across the four
washes, though to a lesser extent than the calcium and sodium. The Mg shows similar
trends as the potassium mobility, with proportionally similar amounts of these ions

liberated in solution.

The high mobility of the alkali and alkaline elements from both ashes is a good
indication the alkali and alkaline earth metals may become readily available to act as
catalysts for homogenous reactions during combustion. Since the K and Ca contents
in PFA are much higher than in FBA (See Table 5.2), it is expected that there will be a

higher availability of catalytic species when using PFA compared to FBA additives.

5.5.1 Coal particle size distribution

All of the samples of coal were processed as shown in Chapter 4.3. The particle size
distribution is shown in Figure 5.1. The particle size distribution could be an indication
of the applicability of the coal within an industrial furnace mill. If all of the particles are
smaller, there is a possibility of greater carbon burnout over a shorter time frame. For
the coals that produce a larger range of particle size for the same milling time, then an

inconsistent burnout may result in the furnace.

The range of particles for each coal type showed different characteristics. La Loma
showing the narrowest particle distribution for sizes ranging from 1-100 pm. La Loma

shows a peak between 50-60 um and no patrticles below ~2.5 um. Shotton shows a
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wider distribution, with some fines shown as small as 0.25 um. The peak area for
Shotton is centred around 40-50 pum. Galatia shows a similar distribution to Shotton
with smaller particles at 0.3 um and a peak distribution centred at 40-50 um. A larger
fraction of smaller particle sizes may be indicative of potential reactivity through greater
surface areas. Ffos-y-fran has a peak distribution of 100 um. There are no particles

shown below 1 um in Ffos-y-fran.
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Figure 5.1 Particle size distribution of the four coals. a=Shotton, b=La Loma, c=Galatia,
d=Ffos-y-fran
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Table 5.6 shows the comparative distribution of particle sizes by percentage value. The
values were separated into size groups for use in the slice model, shown in Chapter 8.
The patrticle distribution was separated into size ranges of 0-50 um, 50-100 um, 100-
150 pm and >150 pym. The data was broken into 4 categories for ease of use in the
model, and to reduce computational time. From Table 5.6, the two biomass ashes and
the bituminous coals, all show the greatest percentage of particles are <50 um, with
50-100 pm the second largest group. For the Ffos-y-fran, the distribution is more even,

with the 50-100 um being the largest particle size group.

Table 5.6 Mean patrticle size distribution for the four coals and two biomass additives

Particle size 0-50um 50-100 ym 100-150 pm >150 ym
Ffos-y-fran 16.2 34.06 25.02 24.72
Shotton 71.65 17.18 10.57 0.6
Galatia 55.58 40.41 1.81 2.20

La Loma 81.97 14.06 3.97 0

FBA 68.29 21.58 6.35 3.78
PFA 95.72 4.19 0.09 0

5.5.2 Biomass ashes particle size distribution

The two biomass ashes particle size distribution are shown in Figure 5.2. The FBA has
a distribution spread from 0.3 um up to 800 um, with a broad peak centred at 40 um.
Conversely, the PFA exhibits two peaks, one in the lower range of 0.7 um and a
second larger % peak at ~15 um. The greater range, and the larger abundance of
smaller particles in the PFA would indicate the potential to act as a catalyst with higher
surface areas per mass. From Figures 5.2a and b it can be seen the greatest

proportion of particles are in the 0-50 um range for both of the additives.
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Figure 5.2 Particle size distribution for biomass ashes. a=FBA, b=PFA.

5.5.3 SEM coal images

From the SEM images of the bituminous coals in Figures 5.3, different physical
characteristics are shown after grinding despite all coals being processed using the

same procedure in Chapter 4.3.

Both La Loma and Galatia show strong cleavage lines, forming distinct clean lines of
breakage with few small fines. Shotton has the same larger cleaved particles, however
there are also large quantities of fines, shown in Figure 5.3a. The quantities of fines
would indicate the coal is more susceptible to fragmentation. Shotton is a blended coal,
which may lead to the finer grinding of some of the coal types in the blend. With the
larger quantity of fines, the Shotton may be expected to produce larger burnout figures
than the other bituminous coals. Steer (Steer, 2015) suggested that different grinding
regimes can lead to different burnout characteristics. In this work, the same milling
regime was used for all of the coals, therefore burnout is likely to be linked to coal type

and particle size rather than the milling process.
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Figure 5.3 SEM images of the four coals at 300x magnification scale bar=100um,
image width=994.4um. a=Shotton, b=La Loma, c=Galatia, d=Ffos-y-fran

When the particle size distribution graphs are compared against the SEM images, it
can be seen that Shotton does have a large array of particle sizes ranging from 2.5 pm
through to over 100 um. The greatest proportion of these are below 30 um. The Galatia
particle size graph shows a similar trend; however, the same distribution is not seen in
the SEM images. There are smaller particle sizes present, however not in the same
proportions as Shotton. During combustion and devolatilisation, the physical structure
of the coals are expected to change. (Cai, 1996; Lester, 1995) SEM images in Chapter
7 is used to show any morphology changes from Figure 5.3. The effects of the
catalysts on the devolatilisation of the fuels may become apparent in the coal

morphology.
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5.5.4 SEM FBA and PFA images

Figure 5.4 a and b show the differences in the morphology of the FBA and PFA
respectively. The FBA shows some larger particles which appear to consist of
carbonaceous biomass materials. Figure 5.4a shows some material which appears to
be lignocellulose. The carbon content in the FBA, Table 5.1, is indicative this is unburnt
carbon. There are also spherical mineral ash particles. The PFA shows higher levels of
mineral ash particles and more consistent range of particle sizes. These images are

consistent with proximate and elemental analysis where the FBA has higher levels of

carbon and less ash minerals.
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Figure 5.4 SEM images of the biomass additives, 300x magnification scale bar=100um,
image width=994.4um. a=FBA, b=PFA

Width =994.4 ym

5.6 Nitrogen functional groups (XPS)

The nitrogen within the coals form into distinct functional groups: pyridine, pyridinic,
pyrrolic and quaternary, see Chapter 3.3.2. The coals were prepared as shown in
Chapter 4.3 for the XPS and carried out in accordance with Chapter 4.11. Figure 5.5

shows the four coals and the functional groups contained.
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Figure 5.5 N functional groups in the four coals. a=Shotton, b=La Loma, c=Galatia,
d=Ffos-y-fran. — Functional group, — raw data

All four of the coals show a distinct peak for pyrrole, which is consistent with previous
findings for coal where 50-80% is pyrrolic (N-5). (Deng, 2008; Gong, 1999; Kambara et
al., 1994; Liu, 2001; Woitowicz et al., 1995). Peaks at <403 eV are shown for the

Shotton and La Loma, however these peaks do not conform with the correct eV for any
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of the N-functional groups, Table 4.2 and Figure 4.25. Table 5.7 and Figure 5.5 show
the distribution of functional groups and the percentage value of each functional group.
No other nitrogen functional groups were present for the four coals. The lack of other
nitrogen functional groups detected, may be a result of the noise present in the raw

data signal.

Table 5.7 % functional groups within the coals

Coal Functional group % in group
Shotton Pyrrole 100
La Loma Pyrrole 100
Galatia Pyrrole 100
Ffos-y-fran Pyrrole 100

5.7 FBA and PFA functional groups

The additives FBA and PFA have shown no detected nitrogen functional groups within

the XPS profiles, therefore no data is presented.

5.8 Chapter Summary

Throughout this chapter the chemical and physical characteristics of the four coals and
the two ash additives have been examined. The proximate and elemental analysis has
shown the coals have a range of nitrogen contents ranging from 1-1.9% db; HHV from

25.79-28.04 MJ/kg db; fuel ratios of 1.2-10.8 and volatile contents 8.1-40% db.

The chemical composition of the coal ashes show high levels of SiO,, Al,O3; and Fe;0s3,
with smaller percentages of other oxides, including the alkali and alkaline earth metals.
The two ash additives have relatively high levels of K, Ca, Na and Mg, which may act
as catalysts for the reduction of NO to Ny, especially since water-washing experiments

show that a high fraction of these are expected to be mobile during combustion
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The physical characteristics of the coals may be indicators of their behaviour during
devolatilisation and combustion. A greater range of smaller particles will potentially
yield higher burnout rates. Surface chemistry and mineral composition and deposition

on the surface of the coals may also influence burnout.

For the ash additives, the FBA showed particles sizes ranging from 2.5 um up to 800
pum, although at the larger size they are non-spherical as they have been passed
through 75 um sieves. The structure and composition of the FBA is quite varied with

high levels of unburnt carbon and ash particles.

The PFA shows a more consistent range of particles, however there are larger
gquantities of smaller particles. Fuels or additives with smaller particles tend to be better
catalysts due to containing a higher surface area to mass ratio. The composition of the
PFA, with higher surface areas and higher percentage masses of alkali and alkaline
earth metals would indicate this is a viable catalyst for blending with the coals to illicit

changes to the nitrogen partitioning from the coals.

The four coals all show a consistent pattern for the functional groups, with all of the
coals under investigation have pyrrole nitrogen as the functional group at 400.3 eV

binding energy.
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Chapter 6 Devolatilisation

6.1 Introduction

During combustion there are three distinct phases: drying, devolatilisation and char
combustion. A fourth phase, gas combustion also happens simultaneously with
devolatilisation and before char combustion. All samples under analysis were pre-dried.
This chapter focusses on the devolatilisation of the coals and coals blended with
ashes. The chapter is divided into two different types of analysis: low heating rate and
high heating rate devolatilization/pyrolysis. Changes to the heating rates can yield
changes in the results, in particular to the reaction kinetics and volatile yields, therefore
all heating rates were maintained. Each of the two heating rates were the same for

both types of analysis.

Low heating rate analysis was carried out in the TGA, using a heating rate of 10°C/min.
Low heating rate (LHR) data can be used to calculate the reaction kinetics, onset of
devolatilization (OD), peak reactivity temperature (PT) and maximum rate of
devolatilization (ED). The reaction kinetics were used within the model shown in

Chapter 8.

High heating rate (HHR) analysis can be used to simulate the thermal gradients that
occur in a furnace. By using high heating rates, the devolatilisation and nitrogen
partitioning can be calculated for the coals and coals with additives. The high heating
rate analysis was further segregated into TGA, DTF and a comparative analysis using

the Low N analysers.

The HHR used in ballistic heating in the TGA were carried out for studying the N-
partitioning and to measure high temperature volatile yields (HTVY) for comparison

against proximate analysis and against measurements in the DTF.

The DTF analysis was used for the studying of volatile and char yields and for N-

partitioning analysis. The char data is presented in Chapter 7.
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The Low N analyser was used for assessing of the N partitioning. This method is an

alternative evaluation method for attempting to confirm the N partitioning.

6.2 Low heating rates (LHR)

The LHR analysis was carried out in the TGA. The samples were prepared and
processed as shown in Chapter 4. LHR analysis was used to find the reaction kinetics,

mass loss and dm/dt analysis and proximate analysis.

6.2.1 Evaluation of devolatilisation profiles

The onset of devolatilisation for the four coals shows a trend as the grade of coal
increases, so the OD value increases, with La Loma having the lowest value at 554 K,
and Ffos-y-fran at 754 K, Table 6.1. The OD can be linked to volatile content and
devolatilisation rates, as in the early stages of combustion devolatilisation can occur.
The coals with higher volatile content tend to devolatilise more readily. The size of the
particles can have an effect on both the devolatilisation and burnout of a coal ina 1
MW furnace. Lower grade coals tend to have a higher burnout, and thus less carbon in
the ash than higher grade coals for coals milled to the same size proportions (Barranco
et al., 2006). Steer has suggested that dependent on the grinding regime, larger
particle sizes can also lead to improved combustion burnout. (Steer, 2015) The
grinding regime can change the physical behaviour, devolatilisation and combustion
characteristics of the coal particles, leading to the formation of cenospheres, network
chars and the swelling properties of the coals. (Steer, 2015). Using blended coals in a
TGA/DTG, Su et al (Su et al., 2001) has shown that higher volatile coals tend to have
better OD characteristics, whilst higher heating values can produce greater flame
stability. Fuel ratio can be used as a guide to carbon burnout for coal blends. (Su et al.,

2001).
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The inclusion of higher ash and moisture content coals can affect both OD and flame
stability through heat diffusion. It has been proposed by Zou, that CaO, may act as a
catalyst for improved efficiency of coal combustion by lowering the temperature for OD
and PT, (Zou, 2016). In this work, the same effect was not observed across all of the
coals, however in this work the CaO, was not isolated out as a single reactant or
catalyst. The combination of potential catalytic alkali and alkaline elements may
therefore have conflicting effects on the OD, PT and ED. However, the catalytic
species may have an influence under combustion conditions, or under HHR conditions

and this is discussed in Chapter 7 and Section 6.3.1 respectively.

Table 6.1 OD, PT and ED for the coals with and without additives (K)

LHR Vol
Coal and additives oD PT ED % (db)
Ffos-y-fran 754 804 878 8.09
Ffos-y-fran plus FBA 702 808 876 10.36
Ffos-y-fran plus PFA 756 806 876 7.06
Shotton 662 739 837 32.31
Shotton plus FBA 641 785 857 31.32
Shotton plus PFA 663 790 867 27.90
La Loma 554 700 814 38.78
La Loma plus FBA 584 736 848 36.82
La Loma plus PFA 579 743 855 33.40
Galatia 643 776 845 40.00
Galatia plus FBA 605 765 857 37.86
Galatia plus PFA 662 826 941 34.43
FBA 545 712 802 25.74
PFA 626 730 901 2.88

Note: LHR vol % (db) is the contribution to the measured volatile yield from the coals
alone

The coals when blended with the FBA, show a reduction in OD for all of the coals
except La Loma, where an increase is observed. The lowering of the OD for the coals
may be due to the higher volatile content of the FBA, which leads to the FBA showing
an OD of 545 K. La Loma had the highest volatile content of the coals, therefore the
effects of the volatile content of the FBA showed an increase in OD. The PFA has an
OD of 626 K. Increases in OD were observed across all of the coals blended with PFA.

The peak mass loss temperatures show a similar trend across all of the coals with and
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without additives, with La Loma having the lowest peak temperature (PT), and Ffos-y-
fran the highest, with Galatia and Shotton being comparable.

The ED temperature has been assigned to the point where mass loss is equivalent to
1%/min (~0.1 %/K) and decreasing. (Cumming, 1982; Unsworth, 1991). Complete
devolatilisation is achieved at 800-878 K across all of the coals with and without
additives. The exception is Galatia blended with PFA, where an increase to the ED is

recorded (941 K), Table 6.1.

6.2.2 Pyrolysis behaviour of coals with and without additives

The coals and coals blended with additives were prepared as per Chapter 4.8.1 for
analysis with the TGA. The displayed results for the blends were normalised to allow
for the mass of the additives compared to the coals without additives. Percentage
mass loss profiles were taken for all of the coals and coal and additive blends. Figures
6.1 show the derivative mass loss/temperature (dm/dt) curves for each coal compared

to the coals with additives.

Data for the OD, PT and ED are presented in Table 6.1 The pyrolysis information can
provide information on the effects of the ashes in the coals in an LHR environment.
From all four coal dm/dt curves, both additives have reduced the peak mass loss for all
of the coals. The PFA showed the greatest change of the two additives across all of the

four coals.

All four of the coals show the same characteristics of small amounts of moisture loss,
chemisorption and devolatilisation. Figure 6.1 show dm/dt curves for the four coals.
From the dm/dt curves it can be seen the higher carbon content fuels tend towards
higher peak temperatures PT and ED. The lower volatile content of the low reactivity
coal is also represented by the higher OD temperature.

When the coals were blended with the additives, a distinct change in the dm/dt curves

can be seen. When the FBA is blended with the coals, a distinct bump is observed at
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~630 K. The FBA has retained ~25.7% (daf) volatiles. The volatiles from the FBA is
released at this point, which helps to accelerate the onset of devolatilisation for the
coals.

The PFA has a much lower value of volatiles ~3% (daf). The coals when blended with

the PFA do not show the same onset of devolatilisation but dm/dt curves tends to

follow those of the coals without additives mass loss curves across all of the four coals.
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Figure 6.1 dm/dt for the four coals with and without additives a. Shotton, b. La Loma, c.
Galatia, d. ffos-y-fran. — coal, — coal plus FBA, coal plus PFA

6.2.3 Coal reactivity

When the reactivity of the coals and coals blended with additives are compared, there
is a marked change in the reactivity. Figure 6.2 shows the data for Ln k and 1000/T,

using Equations 4.19-4.21.
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Figure 6.2 Kinetic parameter for the four coals with and without additives a. Shotton,
b. La Loma, c. Galatia, d. ffos-y-fran.— coal, — coal plus FBA, coal plus PFA
When blended with the FBA, all of the coals show a change in the reactivity values.

In general, the reaction rate constants (calculated for the start of devolatilisation) of La

Loma samples were faster than those of Galatia and Shotton, see Table 6.2.

Table 6.2 Kinetic parameters of coal and coal/ash blends

Sample K J/Er:]ol) A (cm3/s) Ke3ok/s
Ffos-y-fran 194.755 1.55E+10 1.03E-06
Ffos-y-fran plus FBA 107.88 99599.01 1.35E-05
Ffos-y-fran plus PFA 182.81 6.34E+10 1.36E-06
Shotton 61.85 90.55 6.68E-04
Shotton plus FBA 68.6 181.1  3.90E-04
Shotton plus PFA 61.7 61.25 4.19E-04
La Loma 58.95 1443  1.74E-03
La Loma plus FBA 47.1 13.65 1.30E-03
La Loma plus PFA 58.65 138.3 1.57E-03
Galatia 65.35 112.4 4.38E-04
Galatia plus FBA 70.45 233.45  3.33E-04
Galatia plus PFA 65.35 180.25 2.89E-04
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From Figure 6.2 it is clear that the additives are inhibiting the devolatilization steps
under these conditions. The FBA sample increased the activation energy of
devolatilisation of Galatia. These higher Ea values also resulted in slower reaction rate
constants than that of the coal alone- these results are consistent with the peak
temperatures observed, Table 6.2.

Overall, the addition of ash appeared either to decrease or to at least have no
noticeable effect on the reactivity of all three coals, perhaps with the exception of FBA

for La Loma, and possibly PFA for the Galatia coal.

6.3.1 HHR volatile yields

It is well known that under conditions of HHR and high temperature the volatile yields
increase due to the rapid cracking of the coal matrix which releases volatiles before
they re-polymerise to form char (Kambara et al., 1994). It was of interest to compare
the results in this work to previous data, to see if similar trends were followed. The four
coals, when plotted against data collated by King fall along the trend line, y 1.5x as

shown in Fig. 6.3 (King, 2016).

The low reactivity Ffos-y-fran sits to the left on the graph. The three bituminous coals
all sit close together between 50 and 60% total high temperature volatile yields (daf).
Thus, the coals are behaving as would be expected under these conditions. The
biomass data point is close to the y=x (dotted) line. In the presence of the additives the
high heating rate volatile yields generally increase relative to the proximate volatile
yield, although many of the data points are still within the scatter of data from previous
work. The results for olive cake showed that the addition of the coal PFA results in an
increase in high temperature volatile yield, while proximate volatile yield is virtually
unchanged. Ffos-y-fran data indicates that, when the additives are present, the high
temperature volatile yield is increased significantly compared to the change in
proximate volatile content. This shows that (i) the lower volatile coals are affected more

by the additives than the more reactive coals (ii) the additives are more effective at
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enhancing volatile yield at high temperatures and heating rates than they are under

conditions of proximate analysis.
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Figure 6.3 Comparison of high temperature volatile yield and proximate volatile content
DT1. Symbols: ® Coals, ® Coals+PFA, B Coals+FBA, ¢ olive cake, < olive cake plus
coal PFA. A Data from King, with dashes line. (King, 2016). The dotted line is the 1:1
reference line.

Chars from DTF1 were collected and analysed for proximate and ultimate analysis. The
burnout (%) is calculated using the ash tracer method, which assumes no loss of
metals and ash species through devolatilisation, as given in Equation. 6.1 (Steer,

2015).

Where:
A , is the ash content of the coal (%)

A, is the ash content of the char (%)
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The carbon conversion for the fuels during devolatilisation in 1-2% O, at 1373 K is

given in Figure 6.4.
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Figure 6.4. Carbon conversion of the fuels and fuels with additives during
devolatilisation at 1373 K in DTF1.

The level of conversion ranged from ~20% for Ffos-y-fran to 62% for La Loma. A very
interesting effect is observed in the presence of both of the additives, where there is a
very large increase in carbon conversion- with the exception of La Loma. For example,
conversion reaches to over 80% for Shotton when co-fed with FBA, and over 70% for
Galatia when co-fed with PFA. A similar trend is observed for all coals, and for the olive

cake when co-fed with coal PFA, Figure 6.5.
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6.3.2 HHR volatile-N release (TGA)

Figure 6.6 shows the results of HHR volatile nitrogen release from TGA (ballistic

heating), compared to total volatiles (daf) measured by the proximate method.

The coals under test were plotted against the trend line for previous published data
from heated wire-mesh reactor experiments which have higher heating rates, and
shorter residence time compared to the TGA (Gibbins, 1995). Results from the current
work for N-partitioning from pure coals and biomass fall along the 1:1 relationship, with
HHR volatile nitrogen release in the range 8—-45% for the coals and 85 % for the olive
cake. Thus for the most part volatile nitrogen release follow total volatiles, and there is
a concentration of nitrogen in the char for the low volatile content coal. This is why

there is a well-known relationship between NOx and FR (Mitchell, 1998).
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When the additives were mixed with the coals (and olive cake) there was a very
significant change in the nitrogen released during devolatilisation. The addition of FBA
or PFA both resulted in an increase in the fraction of N in the volatiles; in some cases
this more than doubled compared to volatile-N from the pure fuels. The increases in
HHR volatile-N release across all of the fuels indicates that catalysis is taking place
with the additives. Within the TGA, the fuels and additives are held in close physical
proximity and the additives clearly influence the decompaosition of the coal matrix.
Furthermore, as seen in previous studies (Ohtsuka, 1997; Tsubouchi and Ohtsuka,
2008) it is possible that as the coal matrix decomposes and the volatiles are released
from the fuels, they interact with the surface area of the additives, which can provide
reaction zones for enhanced reduction of NO to N.. These reaction zones could be
from reactive elements within the additives. For example, (Ohtsuka, 1997; Tsubouchi
and Ohtsuka, 2008) showed coals with iron on the surface could instigate a reduction

of NO to Nz from char. In the case of the additives studied here, there are high levels of
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Fe,0s3, K20, CaO, MgO and Na;0, and elevated levels of potentially reactive carbon in

the ash additives, Section 5.3.

6.3.3 HHR volatile-N release (DTF1)

It was observed in the previous section that both additives can catalyse the release of
nitrogen into the volatile phase when the fuels are reacting rapidly in a bed and the
additives and fuels are in close proximity. Of interest to this work, is whether the same
influence is observed when the fuel and additive particles are entrained in the DTF.
Nitrogen partitioning was calculated from the char yields and N-contents of fuels and

chars.

Figure 6.7 shows the distribution of nitrogen between volatile and char phases. The
coals without additives all retained high levels of nitrogen in the chars ranging from 44
to 78% (i.e. 22-56% released into the volatiles). This is different to the results of Figure
6.6 which showed that at the heating rates attained in the ballistic TGA, although it is

still enhanced, there is less Fuel-N released into the volatiles.
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Figure. 6.7 Nitrogen partitioning of the fuels and fuels with additives during
devolatilisation in DTF1. Dark grey=char-N %, Light grey=volatile-N %.
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When additives were co-fed into DTF1 there was a change in the distribution of the
nitrogen. The addition of the PFA resulted in a decrease of the nitrogen retained in the
chars during devolatilisation across all four coals. The lower volatile coal (Ffos-y-fran)
in particular showed a marked reduction in the char N with both additives. The FBA
addition also resulted in a higher volatile-N yield. Thus, both additives showed
reductions in the nitrogen retained in the char for all of the coals. A similar, although
smaller trend was observed for the olive cake: The N retained in the char fell from 25%
to 12% with the addition of coal PFA, as shown in Figure 6.7. The reason for the trends

seen in Figure 6.5 might be explained by the extent of conversion in the DTF.

Literature suggests that carbon conversion (i.e. both devolatilisation and char
oxidation) can be used as an indicator for nitrogen release, and there is a known
correlation between carbon conversion and nitrogen devolatilisation in coals, as
reviewed in (Mitchell, 1998). Consensus of the relationship differs dependent of coal
type and heating regime. Jones et al. reported that nitrogen devolatilisation was slightly
lower than carbon conversion, in a DTF at 1400°C. (Jones, 1994). Woitowicz et al.
(Woitowicz et al., 1995) suggested nitrogen devolatilisation and carbon conversion was

dependent on temperature profiles.

Figure 6.8 shows the relationship between nitrogen partitioning and carbon conversion.
Included in Figure 6.8 is the trend line based on previous data presented in Kambara et
al. (Kambara et al., 1994). The four coals all fall along the plotted trend line (and within

the scatter of data in (Kambara et al., 1994)) which is very close to the monotonic

relationship given by the dotted line in Figure 6.8.
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Figure 6.8 Volatile N as a function of carbon conversion during devolatilisation at 1373
K in DTF1. Previous published data (+) from (Kambara et al., 1994) is represented by
the dashed trend line. The dotted line represents a monotonic relationship between
volatile-N and carbon conversion. Symbols: ® Coals, ® Coals+PFA, ® Coals+FBA, ¢
olive cake, < olive cake plus coal PFA.

When the coals are co-fed with PFA there is an increase in both the volatile N release
and the carbon conversion. The general trend is for the carbon conversion and the
volatile nitrogen release from the coals to move to the right on the graph but still follow
the trend line. This would indicate the coals are behaving as higher volatile coals in the
presence of the additive. Figure 6.9 shows the change in volatile N release for the
coals and coals blended with additives. There is an apparent natural log relationship in
the increase in volatile N release when comparing the bituminous coals to the coals

with additives.

This is an important finding, coal combustion in full-scale plant, equipped with low-NOx
burners, show a general relationship of decreasing NOx with increasing volatile matter
content (Mitchell, 1998). For Ffos-y-fran with additives there was enhanced volatile-N

release compared to the carbon conversion, and these data points are therefore above

the trend line (and above the scatter in the data given in (Kambara et al., 1994)).
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Figure 6.9 Volatile N release (DTF1) as a function of mass ratio of alk